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 Upon exposure to anoxia, encysted embryos of the brine shrimp, Artemia franciscana, enter a 
severely depressed metabolic state, the transition into which is facilitated in part by one of the largest 
intracellular acidifications ever reported for a eukaryotic organism.  However, the endogenous origin of 
this pH shift remains largely unexplained.  We hypothesize that the unexplained acidification is produced 
by a net flux of protons into the cytoplasm from compartments acidified by a V-type proton pump (V-
ATPase) during aerobic development. 
 Northern blots demonstrate expression of the V-ATPase subunit-B mRNA during early 
development, while Western blots demonstrate the expression of at least 6 constituent subunits of the V-
ATPase in both heavy membranes and microsomal vesicles.  Inhibition of embryo hatching with the 
highly specific V-ATPase inhibitor, bafilomycin A1, confirmed a requirement for V-ATPase activity 
during the anoxia tolerant stages of development.  Given that the V-ATPase is responsible for 
acidification of intracellular compartments in eukaryotes, these data indicate the presence of 
compartmentalized proton stores in A. franciscana embryos. 
 31P-NMR studies using intact embryos demonstrate that V-ATPase inhibition with bafilomycin 
A1, severely limits intracellular alkalinization during recovery from anoxia without affecting the 
restoration of cellular nucleotide triphosphates.  Based on these data, it appears that oxidative 
phosphorylation and ATP resynthesis can only account for the first 0.3 pH unit alkalinization observed 
during aerobic recovery from 1 h of anoxia.  The additional 0.7 pH unit increase requires proton pumping 
by the V-ATPase.  Furthermore, aerobic incubation with the protonophore, carbonyl cyanide 3-
chlorophenylhydrazone, produces an intracellular acidification similar to that observed after 1 h of 
anoxia, and subsequent anoxic exposure yields little additional acidification.  When combined with 
protons generated from net ATP hydrolysis, these data show that the dissipation of proton chemical 
 ix
gradients is sufficient to account for the reversible acidification associated with quiescence in these 
embryos. 
 Whole embryo respirometry demonstrates that V-ATPase activity and processes immediately 
dependent on that activity constitute approximately 31% of the aerobic energy budget of the preemergent 
embryo.  Downregulation of such a costly transporter would be essential in order to attain the level of 







ROLE OF INTRACELLULAR ACIDIFICATION IN QUIESCENCE 
 
Extreme metabolic depression is not an uncommon response to anoxia (Busa and Nuccitelli, 
1984), and long-term survivorship in this state is directly correlated the with down regulation of metabolic 
processes (Hochachka et al., 1996; Hand, 1998).  Importantly, decreases in intracellular pH often occur 
under anoxia, and these changes, when of adequate magnitude over an appropriate range, can induce 
modifications in cellular metabolism responsible for increasing anoxia tolerance (Hand and Hardewig, 
1996; Hand, 1997).  Consequently, understanding the mechanisms by which pH transitions originate 
under anoxia is an important topic with physiological, ecological, and evolutionary implications.  From 
the physiological perspective, understanding the mechanisms responsible for intracellular acidification 
will offer a new vantage point from which to view signaling processes involved in quiescence.  As stated 
by others, the ecological perspective will benefit from a more detailed explanation of the critical links 
between environmental stimuli and the physiological responses elicited in animals (Hand, 1998).  This 
point is well demonstrated by work on the anoxia tolerance of copepod embryos (Marcus, 1989; Lutz et 
al., 1992) and termination of diapause by environmental factors in brine shrimp embryos (Lavens et al., 
1986).  From both evolutionary and ecological perspectives, a mechanistic understanding of dormancy 
signaling can be related through variation in gene expression to such topics as survivorship during oxygen 
limitation (Lutz et al., 1994), and temporal genetic flow through “egg banks” (Hairston, 1996).  The vast 
amount of metabolic, developmental, and molecular data available on the brine shrimp, Artemia 
franciscana, makes this organism an excellent choice for studying the mechanisms responsible for drastic 
changes in intracellular pH under anoxia.   
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Relationship between pHi and metabolic downregulation 
          Encysted gastrula stage embryos of the brine shrimp Artemia franciscana exhibit one of the most 
profound shifts in intracellular pH ever recorded for a eukaryotic organism.  In response to anoxia, 
intracellular pH (pHi) plummets ~1 pH unit in 20 minutes, and continues to drop another 0.5 pH units 
over a period of hours (Busa et al., 1982; Kwast et al., 1995).  The kinetics of this decline in pHi closely 
match that of an equally impressive metabolic downregulation, resulting in the lowest metabolic heat 
production ever recorded for a hydrated organism exposed to anoxia (Hand, 1990).  Ultimately, these 
embryos approach an ametabolic state (Warner and Clegg, 2001), from which recovery is still possible 
after 4 years (Clegg, 1997).  Release from this quiescent state follows a return of the embryo to normoxic 
conditions, and the kinetics of metabolic resurrection closely match that of pHi alkalinization (Kwast et 
al., 1995).  Importantly, the match between metabolic and pHi transitions is in part the result of a direct 
effect of protons on catabolic and anabolic pathways.  Evidence for a causal linkage between metabolic 
depression and acidified pHi comes from artificial acidification of embryos with CO2 under aerobic 
conditions (aerobic acidosis), which promotes a metabolic depression and developmental arrest very 
similar to that of anoxia (Busa and Crowe, 1983; Carpenter and Hand, 1986a; Hand and Gnaiger, 1988; 
Hofmann and Hand, 1990b; Hofmann and Hand, 1990a; Anchordoguy and Hand, 1994; Hofmann and 
Hand, 1994; Anchordoguy and Hand, 1995; van Breukelen et al., 2000). 
          Research over the last two decades has convincingly demonstrated that intracellular acidification 
plays a significant role in downregulating metabolic processes under anoxia (Hochachka and Guppy, 
1987; Storey and Storey, 1990; Hand and Hardewig, 1996; Guppy and Withers, 1999).  For A. 
franciscana embryos, a large body of research demonstrates that both catabolic and anabolic pathways are 
directly suppressed by acidification.  For example, protein synthesis is inhibited (Kwast and Hand, 1993, 
1996b, a) via both transcriptional (Eads and Hand, 1999; van Breukelen et al., 2000; Eads and Hand, 
2003b), and translational (Hofmann and Hand, 1994) processes.  Carbohydrate metabolism is inhibited 
through a direct proton effect on trehalase, hexokinase, and phosphofructokinase (Carpenter and Hand, 
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1986a; Carpenter and Hand, 1986b; Hand and Carpenter, 1986; Rees et al., 1989), which results in a 
reverse Pasteur effect responsible for preservation of substrate reserves under anoxia.  Ubiquitin-mediated 
proteolysis is also reversibly inhibited by low pH (Anchordoguy and Hand, 1994; Anchordoguy and 
Hand, 1995; van Breukelen and Hand, 2000), which complements downregulation of protein synthesis by 
preserving existing proteins.  Similarly, mRNA turnover is decreased by acidification (Hardewig et al., 
1996; Eads and Hand, 2003a), that ensures a quick initiation of translation during recovery from anoxia.  
Together, this research demonstrates that a great deal of progress has been made toward understanding the 
driving forces behind macromolecular preservation and metabolic depression during anoxic exposure.  
However, very little is yet known about the proximal mechanisms responsible for the intracellular 
acidification which accompanies exposure of these embryos to anoxia.  Thus, there is a large gap in our 
understanding of one of the most fundamental effectors of anoxia-induced quiescence in A. franciscana. 
 
ORIGIN OF INTRACELLULAR ACIDIFICATION UNDER ANOXIA 
 
Known factors contributing to pHi shifts 
For A. franciscana embryos, intracellular alkalinization during aerobic recovery from anoxia is 
better understood than the acidification accompanying exposure to anoxia.  During aerobic recovery in 
these embryos, the initiation of oxidative phosphorylation could account for up 26 – 72% of the proton 
consumption required to raise intracellular pH from the anoxic value of 6.7 (2 h of anoxia) to the 
normoxic value of 7.7 (Kwast et al., 1995).  This range was derived in part from estimates of a net 
consumption of carboxylic acids and net resynthesis of nucleotide triphosphates (NTP; primarily ATP and 
GTP) caused by the initiation of oxidative phosphorylation while glycolysis is inhibited by low pH.  
However, while intracellular alkalinization during aerobic recovery may involve consumption of protons 
via a net oxidation of carboxylic acids (Kwast et al., 1995), the paucity in accumulation of organic acids 
under anoxia (Hand, 1990; Clegg, 1997) suggests that they are not a major contributor to intracellular 
acidification.  To date, the only confirmed contributor to the intracellular acidification induced by anoxia 
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in A. franciscana embryos is the net hydrolysis of NTP, the yield of protons from which depends on pHi 
(Busa and Nuccitelli, 1984; Busa, 1985).  Using the data of Kwast et al. (1995) and Busa and Nuccitelli 
(1984) we estimate that the hydrolysis of purine triphosphate nucleotides (NTP: ATP and GTP) could 
account for 13 – 26% of the proton equivalents required to reduce intracellular pH from 7.7 to 6.7 (Covi 
et al., 2005).  The subsequent acidification to pH 6.3, which is observed during prolonged anoxia, remains 
a complete mystery.  The primary goal of the research presented here was to determine the origin of the 
remaining proton equivalents required to acidify the intracellular space under anoxia, and relate the 
mechanisms involved to the metabolic depression associated with quiescence. 
 
Limitations to measuring pHi suggest compartmentalized proton storehouses 
 During the late summer and early fall, A. franciscana females produce a very resilient encysted 
embryo.  The ability of these embryos to down regulate metabolism in response to anoxia is present from 
the moment aerobic development begins, and is not lost until the time of emergence from the protective 
cyst wall (12 h of development at 22 – 24 ºC).  These late gastrula-stage embryos are composed of a 
partial syncytial mass of 4000 cells surrounded by a multilayered noncellular shell, which appears to be 
impermeable to all ionic solutes (Clegg and Conte, 1980; Trotman, 1991), including protons (Busa et al., 
1982).  This characteristic is critical in that it prevents secretion to the environment of protons generated 
by the animal under anoxia, and effectively creates a closed system with respect to the ionic solutes.  
Thus, acidification is promoted by retaining protons within the animal while the need to ionoregulate is 
removed.  Unfortunately, this tough shell also precludes the use of exogenous reporter compounds and 
microelectrodes to measure intracellular pH.  For this reason, pH changes reported for Artemia embryos 
are inferred from 31P-NMR measurements.  A disadvantage to the use of 31P-NMR is that detection is 
indirect, and dependent on the presence of orthophosphate (Pi) in the solution being observed (Busa et al., 
1982; Busa and Nuccitelli, 1984).  Thus, signal originating within any compartment having low Pi 
concentration or low relative volume (golgi, transport vesicles, lysosomes, yolk platelets, and 
extracellular space) would be overpowered by compartments having greater Pi content (cytosol, nuclei, 
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mitochondria, endoplasmic reticulum).  Interestingly, the compartments likely to remain undetected 
generally have high buffering capacities and are acidified while the spaces expected to produce a strong Pi 
signal have more alkaline set-points with moderate buffering capacities (reviewed in Fagotto, 1995; 
Grabe and Oster, 2001; Schoonderwoert and Martens, 2001) and appear to track changes in cytosolic pH 
(Kwast and Hand, 1996a; Wu et al., 2000).  We propose that measurement of an average embryonic pHi 
with 31P-NMR is likely to include only the later (more alkaline) of these compartments.  Thus, undetected 
proton stores might exist in the remaining acidic compartments of the aerobically developing embryo. 
 
V-ATPase mediated acidification and proton leak 
 A non-equilibrium biophysical model of intracellular compartment acidification demonstrates 
that the vacuolar proton-pump (V-ATPase) and transmembrane proton-leak densities are the primary 
determining factors of the degree to which intracellular compartments are acidified (Grabe and Oster, 
2001).  It is apparent from this and other work (reviewed in Fagotto, 1995; Schoonderwoert and Martens, 
2001) that maintenance of pH in these organelles is a dynamic process involving a constant leak of 
protons from the organelle to the cytosol (down their electrochemical gradients).  This “leak” can be 
conceptualized in the same way as it is traditionally considered for the mitochondrial inner membrane. 
The extent of proton leak will depend on both the paths available (Grabe and Oster, 2001; Decoursey, 
2003) and the proton motive driving force, much like as is described for mitochondria (Gnaiger et al., 
2000).  Importantly, even intact membranes are permeant to protons, which may traverse the lipid bilayer 
through water wires or partitioning of weak acids (Kamp and Hamilton, 1992; Grabe and Oster, 2001).  
Thus, if one considers that proton gradients span a diverse array of membranes with varied lipid, free fatty 
acid, and protein composition in a single cell, it appears that the channel arrest hypothesis (Hochachka et 
al., 1996) is of limited use with respect to these gradients.  Unlike the case for ions such as Na+, arrest of 
leakage through channels may greatly slow proton leak, but is unlikely to stop it entirely for all 
membranes over the 4 years that A. franciscana embryos are known to tolerate anoxia.  However, it 
should be stated that for the dissipation of a transmembrane [H+] gradient to contribute to the rapid pH 
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drop occurring in the first 20 minutes of anoxia, a pore or exchanger mediated transport system may be 
required.  Whatever the method of leak, it is difficult to comprehend the presence of membranes so tight 
to protons that they could prevent leakage during a four year period without active pumping—an 
exposure these embryos survive with limited mortality (Clegg, 1997). 
          It is clear that acidified intracellular compartments within the embryo will in all probability leak 
protons to the cytosol in the absence of an active proton pumping, and an ATP-dependent proton pump 
like the V-ATPase could not remain functional under anoxic conditions in Artemia, due to the precipitous 
drop in cellular ATP.  Indeed, recently published work on vertebrate, insect, and yeast V-ATPase 
demonstrates that V-ATPase activity can be downregulated directly by decreases in ATP:ADP ratio and 
increases in Pi concentration (David and Baron, 1994; Vasilyeva and Forgac, 1998; Huss and Wieczorek, 
2003; Kettner et al., 2003).  This strongly suggests that movement of protons from intracellular 
compartments to the cytosol will occur after cellular ATP levels drop.  Importantly, this process could be 
a significant contributor to the intracellular acidification observed under anoxia. 
 
Problem/Question: What source or sources of proton equivalents are responsible for the largely 
unexplained intracellular acidification observed at the onset of anoxia induced dormancy? 
 
Primary Hypothesis: The unexplained portion of hypoxia induced intracellular acidification in A. 
franciscana embryos is caused by the passive dissipation of transmembrane proton concentration 
gradients, which are established by the V-ATPase during aerobic development.  We predict that this 
dissipation will be triggered by anoxia, and depend on inactivation of the V-ATPase. 
 
Dissertation research objectives 
 The research presented in this dissertation focuses on the role of V-ATPase-generated proton 
gradients in signaling metabolic downregulation under anoxia in the brine shrimp, A. franciscana.  In 
chapter 2, I establish the presence of the V-ATPase during the anoxia tolerant stage of development.  This 
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work was accomplished using a combination of biochemical, molecular, and organismal studies, which 
addressed the question of when and where the V-ATPase is expressed during early development.  In 
Chapter 3, I separately tested the effect on intracellular pH of dissipating proton gradients with a 
protonophore and inhibiting the V-ATPase with bafilomycin A1 in intact embryos.  This was 
accomplished with the use of 31P-NMR and development of a technique for loading lipid-soluble 
compounds into whole embryos.  Finally, in chapter 4, I examine the metabolic effect of V-ATPase 
inhibition in intact embryos.  This work was accomplished with a combination of hatching studies, 
respirometry, and 31P-NMR.  Together, these methods allowed me to examine the metabolic cost of V-
ATPase activity under normoxia and the potential savings in energy expenditures achieved by V-ATPase 




V-ATPASE EXPRESSION IN A. FRANCISCANA EMBRYOS: 







When released en mass in the fall, encysted embryos of the brine shrimp, Artemia franciscana, 
can encounter prolonged bouts of anoxia when buried in anoxic sediments, algal mats, and windrows of 
other embryos along the shore (Clegg, 1974).  Not surprisingly, these embryos possess a profound 
mechanism of ensuring long term survivorship in a hydrated anoxic state.  Exposure to anoxia induces 
one of the most dramatic intracellular acidifications ever recorded for a eukaryotic organism (>1.6 pH 
units, Busa et al., 1982), and more than two decades of research has convincingly demonstrated that this 
event is one of the primary effectors of a nearly complete metabolic shutdown (for related reviews see: 
Hochachka and Guppy, 1987; Storey and Storey, 1990; Hand and Hardewig, 1996; Hand, 1997; Guppy 
and Withers, 1999; Clegg, 2001).  However, while a great deal of progress has been made in describing 
the role of acidification in metabolic depression (eg. Hand, 1997, 1998; Hand et al., 2001), very little is 
yet known about the proximal mechanisms responsible for the decrease in intracellular pH (pHi) itself.  
By pushing the limits of assumptions about physiologically relevant variables impacting pHi, a maximum 
of 72% of the proton equivalents required for the observed acidification could be explained (Kwast et al., 
1995).  More conservative estimates suggest that the explainable acidification may be as low 13 – 26% 
(Busa and Nuccitelli, 1984; Kwast et al., 1995).  Importantly, the release of protons from membrane 
bound acidic compartments is not considered in these analyses, while just such a phenomenon has been 
shown to cause significant acidification of the surrounding cytoplasm in cultured Hep 2 cells during 
osmotic swelling of organelles (Madshus et al., 1987).  It is plausible that a coordinated release of protons 
from acidic compartments within encysted Artemia embryos could also produce a significant drop in pHi.  
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If this is the case, one might predict that such compartments would be acidified during aerobic 
development by a proton pumping system, such as the ATP dependent V-type proton pump (V-ATPase).  
In this study, we provide evidence demonstrating that the V-ATPase is expressed in A. franciscana 
throughout development of the encysted embryonic stage.  An analysis of the subcellular distribution of 
V-ATPase subunits, in the context of recent literature, suggests expression in membranes of intracellular 
compartments likely to possess an acidic lumen.  Importantly, the release of protons from these 
compartments, upon anoxic exposure, could help facilitate a metabolic downregulation essential to the 
long term survival of encysted A. franciscana embryos. 
It is important to note that the ability of this free floating gastrula to downregulate metabolism in 
response to anoxia (Hand and Gnaiger, 1988) is present from the moment development begins, but is 
subsequently lost when they emerge from their protective cyst coat after 8 – 12 h of aerobic development 
(Ewing and Clegg, 1969; Stocco et al., 1972).  The encompassing cyst coat, restricted to the embryonic 
stage, isolates the embryo from its environment with a highly selective permeability barrier (for 
discussion see Trotman, 1991).  This barrier precludes the involvement of exogenous H+ equivalents in 
the previously discussed acidification (Busa et al., 1982).  Unfortunately, the nature of the cyst shell 
confounds examination of the proton generating mechanisms responsible for the pH transition by 
preventing the direct measurement of pHi in vivo with the use of microelectrodes or reporter compounds.  
For this reason, 31P-NMR is the only method to yet provide in vivo measurements of embryonic pHi 
(Busa et al., 1982; Busa and Nuccitelli, 1984; Clegg et al., 1995; Kwast et al., 1995), though a limitation 
inherent to this method suggests that acidic compartments may be involved in anoxia signaling. 
While the caveats of using 31P-NMR to determine in vivo pHi have been covered elsewhere (Busa 
et al., 1982), it is important to note here that the technique is limited by its dependence on the presence of 
free Pi in the compartment(s) being observed.  Consequently, compartments having low Pi concentration 
or low relative volume have a negligible effect on the average pH being measured for a population of 
whole embryos.  In other words, protons stored in these compartments would remain undetected until 
their release into a space having a relatively high Pi content, whereupon the event would be observed as 
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an acidification.  One potentially undetected compartment might be the extracellular space, which has 
been noted in some organisms to contain as little as 20% of the Pi found in the cytoplasm (Grabe and 
Oster, 2001).  Alternatively, undetected acidic compartments may be subcellular in nature, and their 
visualization precluded by the fact that they only contain a small percentage of free embryonic Pi.  These 
presumably would include Golgi, tubules, exocytotic vesicles, coated vesicles, early and late endosomes, 
and lysosomes, all of which are likely to have functional roles during such events as production of the 
embryonic cuticle (cf. Criel, 1991 ), formation of yolk platelets (Giorgi et al., 1999; Warner et al., 2002), 
and yolk degradation (Perona and Vallejo, 1985; Perona et al., 1988; Perona and Vallejo, 1989; Komazaki 
and Hiruma, 1999).  Indeed, membrane bound yolk platelets themselves should be considered, as they are 
acidified to varying degrees for both maintenance and degradation in other species (Fagotto, 1995; Fausto 
et al., 2001; Abreu et al., 2004) and contain very little Pi in A. franciscana (Warner and Huang, 1979).  
An interesting commonality among all of these compartments is that their final lumenal pH is set in part 
by the V-ATPase proton pump (Futai et al., 1998; Grabe and Oster, 2001; Nishi and Forgac, 2002), and 
thus this enzyme became the focal point of our research. 
The V-ATPase is a multimeric complex composed of two primary domains (V1 and V0).  The 
extra-membrane V1 domain is comprised of 8 different subunits labeled A-H, and is responsible for ATP 
hydrolysis (Wieczorek et al., 2000).  The membrane spanning V0 domain consists of at least 3 different 
subunits labeled a, d and c, and is responsible for providing a proton path across the membrane (Forgac, 
1998).  When combined, these two domains form a molecular motor well known for both its broad 
distribution and diverse functional capacity for proton transport.  For example, in addition to their role in 
acidification of intracellular compartments (Forgac, 2000; Futai et al., 2000), V-ATPases are also known 
to power acid secretion and secondary active transport in animal plasma membranes (for recent reviews 
see: Nelson and Harvey, 1999; Nelson et al., 2000; Wieczorek et al., 2000; Kawasaki-Nishi et al., 2003).  
Taking these facts into consideration, the V-ATPase is a prime candidate for facilitating the proton 
transport required to establish intracellular and/or extracellular acidic compartments in A. franciscana 
embryos. 
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We hypothesize that, in the face of severe energetic constraints imposed by anoxia, H+ gradients 
between acidic compartments and the surrounding cytoplasm dissipate producing an acidification critical 
to metabolic downregulation in A. franciscana embryos.  As first steps in addressing this hypothesis, we 
examined expression of the V-ATPase during the early development of these embryos, and demonstrate 





Encysted embryos of the brine shrimp Artemia franciscana (Great Salt Lake population, USA) 
were either obtained in the dehydrated state (post-diapause) from Sanders Brine Shrimp Co. (Ogden, 
Utah) in 1999, or collected from the surface of the Great Salt Lake in the hydrated state (diapause) in 
September of 2001.  Diapause embryos were stored in plastic bottles containing 35 ppt artificial seawater 
(Instant Ocean: Aquarium Systems; Eastlake, OH, USA) supplemented with NaCl to a final concentration 
of 60 ppt, protected from light exposure, and maintained at 22-23 °C.  Embryo viability and preservation 
of the diapause state during storage were evaluated using published protocols (Reynolds and Hand, 2004).  
Post-diapause embryos were stored dry at -20 °C, and hydrated overnight at 0 °C in 0.25 mol L-1 NaCl 
prior to experimental incubation.  Staging of embryos was conducted using the same criteria described by 
Conte et al. (1977). 
Manduca sexta were obtained as 3rd instar larvae from a colony at the Arizona Research Labs 
Division of Neurobiology, University of Arizona (Willis and Arbas, 1998).  Dissections were performed 





Molecular cloning and sequencing of cDNA for subunit B of the V-ATPase 
AMV reverse transcriptase (Promega) and a d18TV primer were employed to reverse transcribe 
poly (A+) mRNA from DNase-treated total RNA, previously isolated from 6 h aerobic A. franciscana 
embryos (Hardewig et al., 1996).  A central domain of the V-ATPase B-subunit was amplified using 
degenerate primers (HATF2, HATR4, Weihrauch et al., 2001).  Following agarose gel purification, the 
amplified cDNA was cloned, and the insert was sequenced directly from the plasmid construct.  After the 
identity of the cDNA fragment was confirmed by BLAST search of the GenBank database, the 3’ and 5’ 
ends were amplified by rapid amplification of cDNA ends (RACE) using a First Choice RLM RACE kit 
(Ambion) as per the manufacturers instructions.  The 5’ end was amplified from total RNA isolated from 
post-diapause embryos immediately after hydration (hour 0).  Since amplification of the 3’ end is more 
efficient when mRNA is used, the 3’ end was amplified from mRNA previously isolated from diapause 
embryos.  It is important to note that, because diapause embryos are developmentally arrested, the mRNA 
of these embryos is theoretically equivalent to that of post-diapause embryos before development resumes 
(hour 0).  RACE PCR products were gel purified, cloned, and sequenced directly from the plasmid 
construct using specific primers designed with the assistance of Primer3 software (http://www-
genome.wi.mit.edu).  Oligonucleotide primers for cloning, sequencing, and expression of the V-ATPase 
B-subunit are listed in Table 1.  Sequencing utilized BigDye terminator chemistry and a ABI PRISM 
3100 Genetic Analyzer (Applied Biosystems; Foster City, CA, USA).  Sequences were assembled using 
Sequencher software (Gene Codes Co.).  An open reading frame (ORF) was identified using a freely 
available ORF tool available from The National Center for Biotechnology Information 
(http://www.ncbi.nlm.nih.gov).  DNA to protein translation, pI estimation, and theoretical calculation of 
Mr were produced using tools made available by the Swiss Institute of Bioinformatics 
(http://us.expasy.org/tools).  Multiple sequence alignments were produced with CLUSTAL X version 
1.83 (http://www-igbmc.u-strasbg.fr/BioInfo/ClustalX).  Sequences were annotated with Genedoc version 
2.6.002 (http://www.psc.edu/biomed/genedoc).  Phylogenetic analysis (neighbour joining tree) was 
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conducted with MEGA version 2.1 (http://www.megasoftware.net).  Based on the work of Hillis and Bull 
(1993), all bootstrap proportions ≥ 70% were considered strong support for a given clade. 
 
Table 2.1.  Oligonucleotide primers for cloning, sequencing, and expressing V-ATPase B-subunit 
Primer title Primer sequence (5'-3') Position in cDNA Use 
    
HATR4 Degenerate (Weihrauch et al., 2001) 719-739 A & S 
HATF2 Degenerate (Weihrauch et al., 2001) 1,092-1,110 A & S 
5' RACE inner GAACCGAGCAGTTTCCATATTC 731-752 R & S 
5' RACE outer#2 GATCCATTTCTGCCTTCAACTC 1,041-1,062 R & S 
3' RACE inner CTACGAAAGAGCTGGCAGAGTT 1,024-1,045 R & S 
3' RACE outer AGTGTGAGAAACATGTGCTCGT 885-906 R & S 
Bsub3'walk GTAGGCGAAGAAGCTCTTAC 1,337-1,356 S 
Bsub3'walk2 TTGGATGGCAACTTCTTCGT 1,458-1,477 S 
5'walkback TGCTGGTCTTCCTCACAAT 601-622 S 
5'walk1 GGACCATTGACTCCAGAAACA 166-186 S 
expr(L)Bsub2 CTGGGAATTCGTGAATATGGAAACT 728-742 E & S 
expr(R)Bsub2 TGCCTCGAGTAGTAATGTCATCGTT 1,094-1,108 E & S 
    
(Adapter sequence containing restriction sites are underlined; A, primer used in first PCR 
amplification; R, primer used in RACE amplification; S, primer used in sequencing cDNA; E, 
primer used for amplification of sequence employed in protein expression) 
 
 
Isolation of total RNA 
RNase free conditions were maintained throughout all isolations using published methods 
(Hardewig et al., 1996).  Encysted embryos were washed using a modified dechorionation protocol 
(Kwast and Hand, 1993).  All wash solutions were maintained at 0 °C to prevent premature development 
and complete removal of the chorion.  Aseptic embryos were then incubated at 22 – 23 °C with shaking at 
110 rpm in Erlenmeyer flasks containing 35 ppt artificial seawater. 
Two different procedures were employed for isolating total RNA.  In the first case, hydrated 
embryos were kept on ice until the start of incubation, and starting times were staggered allowing all time 
points to be processed within 20 minutes of each other.  Developing embryos were equilibrated with a 
40:60 O2:N2 gas mixture (cf. Carpenter and Hand, 1986a), and triplicate extractions were performed for 
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each time point by homogenization in a guanidinium thiocyanate based buffer, followed by isolation of 
total RNA by centrifugation though a CsCl cushion as described by Hardewig et al. (1996).  
Alternatively, incubation of hydrated embryos was initiated synchronously, and development proceeded 
in a medium equilibrated with room air.  At predetermined intervals, triplicate flasks of embryos were 
suspended in ice cold 35 ppt artificial seawater to arrest development until homogenization.  For each 
time point, embryos were filtered, rinsed with cold DEPC water, and blotted dry.  RNA extractions were 
performed with an RNeasy Midi kit (Qiagen) as per the manufactures instructions for animal tissues.  In 
brief 0.91 g of embryos were homogenized in 12 ml of chaotropic buffer, and RNA was isolated via 
selective binding to a silica-gel-based membrane (Qiagen).  For the hour 24 samples, swimming nauplii 
were separated from the shed chorion using a Buchner funnel.  To prevent overloading of the membrane, 
only 0.76 g of nauplii were used for each replicate.  This reduced mass compensated for the loss of the 
inert embryonic chorion during hatching.  As an internal control, 1 µg of synthetic RNA for strawberry 
chitinase was added to the chaotropic buffer prior to each homogenization (see below for details).  
Homogenates were centrifuged at 12,000 × g for 10 min at 0 °C to remove cell debris, and 10 ml of the 
resultant supernatant was applied to the RNeasy spin membrane.  The same procedure was used to isolate 
RNA from diapause embryos.  Diapause mRNA used for RLM-RACE was isolated using this total RNA 
and an Oligotex mRNA Mini kit (Qiagen). 
The concentration of RNA in each sample was determined spectrophotometrically (A260).  Purity 
of the RNA preparations was determined by spectrophotometric scan (250-350 nm) of each sample.   
DNA contamination was determined by percent loss after treatment with RNase free DNase (RQ1; 
Promega) followed by acidic phenol:CIA extraction and ethanol precipitation.  Integrity of the RNA was 
examined by both Northern blot analyses and ethidium bromide staining of 18 and 28 S ribosomal RNA 





Production of synthetic RNA for Northern controls and dot blot standards 
A genomic DNA clone of chitinase II from strawberry (Khan, 2002) was used for the production 
of synthetic RNA to be used as an internal control for the A. franciscana total RNA isolation.  The clone 
consisted of 1002 base pairs of genomic DNA ligated in to a pGEM-T easy vector that had been digested 
with Eco RI.  This plasmid construct was linearized using Pst I (Gibco-BRL), and subjected to proteinase 
K digestion, phenol:CIA extraction, and ethanol precipitation.  A MEGAscript in vitro transcription kit 
(Ambion) was used to transcribe synthetic RNA with T7 polymerase.  After treatment with DNase I, the 
synthetic RNA was precipitated with lithium chloride, and stored as a precipitate at -80 °C. 
The same procedure was used to produce synthetic RNA from the A. franciscana V-ATPase B-
subunit clone, originally amplified with degenerate primers.  In this case however, the plasmid construct 
was digested with Spe I (Gibco-BRL) prior to in vitro transcription, and the synthetic RNA was used as a 
positive control for the oligonucleotide probing of Northern blots. 
 
Northern and dot blots 
Total RNA samples (5 µg) were dried in a Savant speedvac (Farmingdale, NY, USA), heat 
denatured at 55 °C for 15 min in 12 ul of denaturing buffer (80% deionized formamide, 3.7% v/v 
formaldehyde, and 1X MOPS running buffer, pH 7.0), quick cooled in an ice slurry, and electrophoresed 
on a 1.2% agarose gel containing 1X MOPS (pH 7.0) and 37% v/v formaldehyde.  Gels were rinsed in 
several washes of DEPC treated water to remove formaldehyde.  RNA was transferred to a nylon 
membrane (Genescreen Plus, Dupont) over a period of 17 h by capillary action using 10X SSPE buffer 
(0.1 mol L-1 Na2HPO4/NaH2PO4 pH 7.0, 1.8 mol L-1 NaCl, and 10 mM EDTA).  After transfer, membranes 
were rinsed with 5X SSPE, dried for 1 h at 60 °C, and the RNA was UV cross linked to the membrane.  
Cross linked blots were washed in hybridization buffer (5x SSPE, 2% SDS, 10 µg ml-1 RNase free calf 
thymus DNA, and 50 µg ml-1 yeast RNA), pre-hybridized in the same buffer for 6 h at 65 °C, and 
hybridized with a 32P-dCTP (NEN- PerkinElmer) labeled cDNA probe (see below) for 50 h at 65 °C.  The 
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membranes were subsequently washed twice in 2X SSPE with 0.1% SDS, followed by a single wash in 
0.2X SSPE with 0.1% SDS.  The final blots were then wrapped in cellophane and exposed to a phosphor 
screen.  Imaging was conducted with either a STORM 840 phosphor imager or a Typhoon 8600 variable 
mode imager from Molecular Dynamics (Sunnyvale, CA, USA). 
To quantify the strawberry synthetic RNA in A. franciscana samples after isolation, 5 µg aliquots 
of total RNA were subjected to dot blot analysis.  Procedures followed a published protocol (Hardewig et 
al., 1996) with slight modification.  All samples were combined with 85.8 ul of denaturing reagent (80% 
deionized formamide, 3.7% formaldehyde, and 2X SSPE, pH 7.0) and 5 µg of yeast RNA, diluted to a 
final volume of 100 ul, and heat denatured at 55 °C for 15 min.  No loading dye was used.  After the 
samples were applied to the membrane, sample wells were rinsed with 300 ul of 2X SSPE.  The 
membrane was then dried for 30 min at 70 °C before UV cross linking.  The hybridization procedure 
followed that outlined for Northern blots. 
Northern and dot blot probes were labeled using a published protocol (Hardewig et al., 1996).  
Probe for B-subunit blots was produced using as template the 394 bp cDNA fragment of the V-ATPase 
B-subunit originally amplified with degenerate primers.  Probe used for the strawberry control blots was 
produced using the strawberry DNA/pGEM-T Easy Vector construct for template.  The construct was 
subjected to EcoRI digestion prior to probe production, and provided a template for oligonucleotide 
probes capable of recognizing synthetic RNA synthesized from the strawberry chitinase II clone. 
 
Production of a recombinant protein for the V-ATPase B-subunit from A. franciscana 
A region of the conserved central domain of the V-ATPase B-subunit from Artemia franciscana, 
corresponding to base pairs 728 – 1,108, was amplified for in-frame insertion into a pET 30a(+) 
expression vector (Novagen) digested with EcoRI and XhoI restriction enzymes.  The insert was 
sequenced directly from the plasmid construct to confirm in-frame orientation of the B-subunit fragment 
insert with the T7 lac Promoter and His Tag.   The protocol for expression followed instructions in the 
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pET System Manual (10th ed.; Novagen) for pLysS host strain, BugBusters cell lysis, and denaturing 
inclusion body isolation.  Protocol for Ni-NTA column chomatography followed that outlined for 
purification under denaturing conditions in the manual for His Bind kits (Novagen).  Column eluate was 
concentrated using a Centricon centrifugal filter devise from Millipore (Billerica, MA, USA).  Protein 
concentration was determined spectrophotometrically (A280). 
 
Western blots 
A. franciscana embryos were sampled after 0, 4, and 8 h of incubation at 22-23 °C.  Pre-
emergence embryos were dechorionated immediately prior to homogenization as previously described 
(Kwast and Hand, 1993).   Manduca sexta midgut was removed and prepared for homogenization 
according Harvey et al. (1990).  Embryos were weighed and subjected to gentle homogenization in 4 
volumes of buffer (300 mmol L-1 sucrose, 2 mmol L-1 EDTA, 50 mmol L-1 Hepes, pH 7.5) using 5-9 
passes with a Teflon/smooth glass homogenizer from Thomas Scientific (Swedesboro, NJ, USA) and 
Glas-Col motor (Terre Haute, IN, USA) set at a maximum of 2000 rpm.  Homogenates were subjected to 
differential centrifugation at 4 °C to isolate subcellular fractions for electrophoresis (crude supernatant, 10 
min at 1k × g; mitochondrial pellet, 15 min at 9k × g; heavy membrane pellet, 30 min at 48k × g; heavy 
microsomal vesicle pellet, 1 h at 100k × g; microsomal vesicle pellet and cytosolic supernatant, 1 h at 
140k × g).  Centrifugal forces were calculated for the maximum radius of JA 25.50 and Type 70.1Ti 
rotors (Beckman) used for centrifugation at ≤ 48k × g and ≥ 100k × g respectively.  All centrifugation 
steps were performed in series using the supernatant of the previous spin, and samples were kept at 4° C 
throughout procedure.  Prior to Western blotting, heavy and microsomal membrane preparations were 
subjected to osmotic shock by resuspending pellets in 35 ml and 8 ml, respectively, of a dilute buffer 
(10mM Tris-MOPS, pH 7.6).  This procedure served to remove trapped soluble protein from vesicles, and 
helped verify that dissociable V1 subunits visualized in western blots were indeed associated with the 
membrane spanning V0 domain prior to electrophoresis.  A second repetition of this procedure also served 
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to reduce the non-specific background observed in Western blots hybridized with the d-subunit antibody 
(Fig. 2.5C; lane W). 
Samples were heat denatured for 45 sec at 96° C in sample buffer (62.5 mmol L-1 Tris, pH 6.8, 
2% SDS, 10% glycerol, 5% β mercapto ethanol, 0.06 mg ml-1 bromophenol blue, final concentrations), 
and fractionated by discontinuous SDS polyacrylamide gel electrophoresis using a Bio Rad Mini Protein 
3 gel apparatus (100-140 V).  Proteins were electrotransferred to nitrocellulose (0.2 µm Trans-Blot; Bio 
Rad) using a Bio Rad Mini Trans-Blot transfer cell (125 V for 1 h at <18 °C).  Blots were blocked with a 
casein solution (Vector labs), incubated for 1 h with 1 of 3 polyclonal primary antibodies raised against 
the native V1 complex (Huss, 2001), recombinant d-subunit of the V0 domain (Reineke, 2002), or 
recombinant a-subunit of the V0 domain (Reineke, 2002) from the V-ATPase of Manduca sexta larvae.  
An avidin/biotin blocking step was employed after primary antibody incubations to reduce nonspecific 
fluorescence.  Blots were subsequently incubated for 30 min with the appropriate secondary antibodies 
(Alkaline phosphatase conjugated or biotinylated) from Vector Labs (Burlingame, CA, USA).  
Fluorescent product for detection was created using a Vectastain ABC kit with DuoLux reagent (Vector 
Labs), and all blotting procedures were performed at 22-23° C. 
 
Hatching studies 
 Prior to incubation in the treatment medium, embryos were rinsed briefly with 35 ppt artificial 
seawater at 22 °C.  Unless otherwise stated, all embryos remained fully hydrated prior to incubation, and 
incubations were performed in a 9:1 mixture of artificial sea water (35 ppt) and 100% EtOH.  All 
hatching incubations were conducted in 12-well plastic cell culture plates with 10-25 embryos per well. A 
single plate was used for each treatment, thus providing a total of 120-300 embryos per treatment group.  
In order to provide a high surface to volume ratio for gas exchange, only 0.5 ml of the incubation medium 
was placed into each well prior to the addition of embryos.  To prevent evaporation of the treatment 
medium during lengthy incubations, a wet paper towel was placed over the top of each plate so that two 
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ends of the towel were immersed in a distilled water bath.  A cardboard box was then placed over the 
entire set up to limit photooxidation of the macrolide antibiotics used.  Embryos were either allowed to 
develop undisturbed for 66-69 h before staging, or were observed every 2 h over a 36 h period.  All 
incubations were preformed at 22 °C. 
 Oligomycin (F-type ATPase inhibitor) was obtained from Sigma (St. Louis, MO).  The V-type 
ATPase inhibitor, bafilomycin A1 (referred to as bafilomycin for simplicity), was either obtained from 
AG Scientific (San Diego, CA) or LC Laboratories (Woburn, MA).  Both oligomycin and bafilomycin 
were dissolved in 100% ethanol, and the stock solutions were stored at -20 °C.  The experimental 
concentrations of oligomycin and bafilomycin were varied and their effect on hatching success 
determined.  Under the final conditions used (35 ppt sea water + 10% EtOH), the limit of bafilomycin 
solubility was observed to be 6 µmol L-1.  Because bafilomycin is unstable in aqueous solution, the 
equivalent of 10µmol L-1 bafilomycin was used to ensure a maximal effect during prolonged incubation. 
 
Statistical analyses 
All values are reported as means ± one SEM.  Individual data points are given when n < 3.  
Unless otherwise noted, means for mRNA abundance were compared among developmental time points 
using analysis of variance (ANOVA), while post-hoc multiple comparisons were made using Tukey’s 
Studentized Range (HSD) Test.  Inclusion of hour 0 values in comparisons among Northern blot data 
summarized in Fig. 2.3B resulted in the violation of the assumption of homogeneity of variance, as 
determined by Levene’s Test for Homogeneity (F = 6.71, P = 0.0033).  Thus, comparisons between hour 
0 and other time points were performed separately using the Kruskal-Wallis Test, followed by the 





Molecular identification of B-subunit mRNA and phylogenetic comparisons 
We identified expression of the V-ATPase B-subunit in encysted Artemia franciscana embryos 
by amplifying and sequencing a 394 bp cDNA fragment encoding a conserved central domain.  The 
sequence for this cDNA was completed using a RACE protocol designed to amplify cDNA ends solely 
from full length message having both an intact poly-A tail and 7-methyl-guanosine cap.  PCR reactions 
for both 3’ and 5’ RACE procedures produced single products, as observed by ethidium bromide staining 
of agarose gels (data not shown).  Direct sequencing of PCR products produced what appeared to be two 
overlapping sequences.  To test whether this was caused by the presence of splice variants, the RACE 
products were cloned and sequenced directly from plasmid constructs.  However, despite the sequencing 
of 20 clones, only a single cDNA sequence was observed for each end.  The final assembled 1783 bp 
nucleotide sequence was submitted to GenBank (accession number: AY197611). 
The putative start codon for the B-subunit of A. franciscana embryos is preceded by a 70 
nucleotide 5’ untranslated region.  The initiation sequence surrounding the start codon (AAAATGA) 
resembles that of a homologous subunit from the decapod crustacean, Carcinus maenas (AAF08281, 
Weihrauch et al., 2001), but differs greatly from that of the optimal Kozak initiation sequence (Kozak, 
1991), in that there is a complete absence of cytosine immediately upstream of the start codon and an 
adenosine in the #4 position.  The stop codon begins at nucleotide 1565, and is followed by a relatively 
short 216 nucleotide 3’ untranslated region.  Only a single adenosine and uridine-rich element (ARE) is 
present in this region, and poly-adenylation begins at nucleotide 1772.  The exact length of the poly-A tail 
is unknown, due to the use of a poly-T primer for reverse transcription.  The complete transcript contains 
a single open reading frame, encoding 498 amino acids (Fig. 2.1).  The encoded protein has a calculated 
pI of 5.28, and a deduced molecular mass (55.5 kDa) closely matching values reported for B-subunit 
isoforms from other species (Filippova et al., 1998; Weihrauch et al., 2001).  Definitive identification of 
the encoded protein was obtained via a BLAST search of the Conserved Domain Database (CDD, 
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Marchler-Bauer, 2003), which revealed the presence of a highly conserved V-ATPase B-subunit NtpB 
domain, spanning amino acid positions 26 to 490 (Fig. 2.1). 
Sequence alignments and phylogenetic analysis of the encoded protein were used to confirm the 
identity of the A. franciscana cDNA, and infer potential subcellular localization patterns of the V-ATPase 
within encysted gastrula stage embryos.  The deduced A. franciscana B-subunit protein sequence 
demonstrates a slightly higher degree of amino acid identity with mammalian brain-type than kidney-type 
isoforms (Fig. 2.1), regardless of whether or not conserved amino acid substitutions are excluded as 
differences.  This trend holds for both full length (Fig. 2.1), and conserved NtpB domain (Fig. 2.2) 
alignments.  Phylogenetic analysis of the conserved V-ATPase B-subunit NtpB domain, using deduced 
amino acid sequences, yielded two distinct groupings (Fig. 2.2).  The first includes insects, crustaceans, 
and the mammalian brain-type isoforms, while the second clade consists solely of mammalian kidney-
type isoforms.  The degree of support for the recovered clades was analyzed by bootstrapping with 1000 
replicates.  This analysis produced a significant bootstrap proportion of 76% for the clade grouping the A. 
franciscana protein with insects, crustacean, and mammalian brain-type isoforms.  Since V-ATPase 
having this B-subunit isoform is broadly localized and functionally diverse within these species (Futai et 
al., 2000), one might predict a broad functional repertoire and distribution within A. franciscana embryos 
as well.  By contrast, the kidney-type isoforms of mammals are associated with V-ATPase that is 
primarily localized to the plasma membrane for the specific function of proton secretion.  It is unclear as 
yet why the mammalian lineages maintain a strict conservation of the C and N terminal domains that is 
apparently not critical to its invertebrate counterpart.  It is relevant to note, however, that inclusion of 
these domains didn’t affect the shape of the phylogenetic tree (data not shown) or the stated conclusions. 
 
Analysis of V-ATPase mRNA expression during development 
Northern blotting was performed to examine abundance of mRNA for the V-ATPase B-subunit 
throughout the early development of A. franciscana embryos.  Two bands are visible in Northern blots of  
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Fig. 2.1.  (A) Alignment of the deduced amino acid sequence for the V-ATPase B-subunit from A. 
franciscana with mammalian brain-type (B2) isoforms (common name and GenBank accession numbers 
as follows: human, CAA44721; bovine, P31408; mouse, P50517; rat, NP_476561).  (B) Alignment of the 
deduced amino acid sequence for the V-ATPase B-subunit from A. franciscana with mammalian kidney-
type (B1) isoforms (human, NP_001683; bovine, P31407; mouse, NP_598918; rat, XP_232119).  
Sequence showing no differences between any of the species is represented by dots.  White text on a 
black background represents mammalian sequence differing from A. franciscana, but conserved among at 
least 3 of the 4 mammalian species (low variability).  Black text on a blue background represents 
mammalian sequence differing both from Artemia and at least 2 mammalian sequences (high variability).  
Bold text on white background represents mammalian sequence with physiochemical properties similar to 
those of Artemia (potentially conserved).  Gaps in the mammalian sequence are represented by a black 
dash on a grey background.  The percent amino acid identity between aligned mammalian and A. 
franciscana sequence are enclosed in parentheses at the end of each sequence.  Conserved NtpB domain 
used in phylogenetic analysis is bracketed by black and yellow arrow symbols (► ◄) above the A. 
franciscana sequence.  
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A 
                       *        20         *        40  ►      *        60         *        80         *       100      
Artemia       -----MNGIIT------------HKQANNEHKLAVTRDFISQPRLSYRTVSGVNGPLVILDDVKFPKYAEIVNLRLADGSIRSGQVLEVSGNKAVVQVFEGTSGI 
Human brain   MALRA.R..VNGAAPELPVPTGGPAVGSR.QA...S.NYL.....T.K.............H....R.....H.T.P..TK..........S............. 
Bovine brain  MALRA.R..VNGAAPELPVPTSGPLAGSR.QA...S.NYL.....T.K.............H....R.....H.T.P..TK..........S............. 
Mouse Iso. 2  MALRA.R..VNGAAPELPVPTGGPMAGAR.QA...S.NYL.....T.K.............H....R.....H.T.P..TK..........S............. 
Rat Iso. 2    MALRA.R..VNGAAPELPVPTGGPMAGAR.QA...S.NYL.....T.K.............H....R.....H.T.P..TK..........S............. 
                                                                                                                                                 
                  *       120         *       140         *       160         *       180         *       200         *        
Artemia       DAKNTICDFTGDILRTPVSEDMLGRIFNGSGKPIDKGPSILAEEFLDIQGQPINPWSRIYPEEMIQTGVSSIDVMNSIARGQKIPIFSAAGLPHNEIAAQICRQA 
Human brain   ...K.S.E.................V.........R..VV...D....M......QC...........I.A..G............................... 
Bovine brain  ...K.S.E.................V.........R..VV...D....M......QC...........I.A..G............................... 
Mouse Iso. 2  ...K.S.E.................V.........R..VV...D....M......QC...........I.A..G............................... 
Rat Iso. 2    ...K.S.E.................V.........R..VV...D....M......QC...........I.A..G............................... 
                                                                                                                                                
                     220         *       240         *       260         *       280         *       300         *            
Artemia       GLVKLPGKSVLDDHEDNFAIVFAAMGVNMETARFFKLDFEENGSMENVCLFLNLANDPTIERIITPRLTLTAAEYLAYQCEKHVLVILTDMSSYAEALREVSAAR 
Human brain   ....KS-.D.V.YS.E....................S........D......................A..T..F.............................. 
Bovine brain  ....KS-.D.V.YS.E....................S...Q....D......................A..T..F.............................. 
Mouse Iso. 2  ....KS-.D.V.YS.E....................S........D......................A..T..F.............................. 
Rat Iso. 2    ....KS-.D.V.YS.E....................S........D......................A..T..F.............................. 
                                                                                                                                                 
                320         *       340         *       360         *       380         *       400         *       420   
Artemia       EEVPGRRGFPGYMYTDLATIYERAGRVEGRNGSITQIPLLTMPNDDITHPIPDLTGYITEGQIYVDRQLYNRQIYPPINVLPSLSRLMKSAIGEGMTRKDHSDVS 
Human brain   ......................................I..............................H...............................A... 
Bovine brain  ......................................I..............................H...............................A... 
Mouse Iso. 2  ......................................I..............................H...............................A... 
Rat Iso. 2    ......................................I..............................H...............................A... 
                                                                                                                                                 
                       *       440         *       460         *       480         *       500      ◄ *    
Artemia       NQLYACYAIGKDVQAMKAVVGEEALTPDDLLYLEFLTKFEKNFISQGSYENRTVFESLDIGWQLLRIFPKEMLKRIPASVLAEYYPRDARGRHNE 498  
Human brain   ..........................S.........Q...R...A..P........T....................Q.T.S.F....SAKH--- 511 (87%) 
Bovine brain  ..........................S.........Q...R...A..P......Y.T....................Q.T.S.F....SAKH--- 511 (87%) 
Mouse Iso. 2  ..........................S.........Q.......T..P......Y.T....................Q.T.S.F....SAKH--- 511 (88%) 




                       *        20         *      ► 40         *        60         *        80         *       100      
Artemia       -----------MNGIITHKQANNEHKLAVTRDFISQPRLSYRTVSGVNGPLVILDDVKFPKYAEIVNLRLADGSIRSGQVLEVSGNKAVVQVFEGTSGIDAKNTI 
Human kidney  MAMEIDSRPGGLP.SSCNLG.AR..MQ....NY.TH..VT....CS......V..R...AQ.....HFT.P..TQ........A.T..I............RK.T 
Bovine kidney MAAEVDSRPRGLP.GGASLG.AR..VQ....NY.TH..IT....CS......V..Q...AQ......FT.PN.TQ..........T..I............QK.T 
Mouse Iso. 1  MATTVDSRSSGFT.NSCDPGTAQ..VQ....NY.TH..VT....CS......V..Q...AQ......FT.P..TQ........A.T..I...........SQK.T 
Rat Iso. 1    MATQVDGRPSGFTSNSCDPGTAR..VQV...NY.TH..VT....CS......V..Q...AQ......FT.P..TQ........A.T..I...........SQK.T 
                                                                                                                                                 
                  *       120         *       140         *       160         *       180         *       200         *        
Artemia       CDFTGDILRTPVSEDMLGRIFNGSGKPIDKGPSILAEEFLDIQGQPINPWSRIYPEEMIQTGVSSIDVMNSIARGQKIPIFSAAGLPHNEIAAQICRQAGLVKLP 
Human kidney  .E.................V............VVM..D....N......H............I.P......................................KS 
Bovine kidney .E.................V............VVM..D....N......HD........E..I.P......................................KS 
Mouse Iso. 1  .E..............................AVM.......N......HD...........I.P......................................KS 
Rat Iso. 1    .E..............................AVM..D....N......HD...........I.P......................................KS 
                                                                                                                                                 
                     220         *       240         *       260         *       280         *       300         *        
Artemia       GKSVLDDHEDNFAIVFAAMGVNMETARFFKLDFEENGSMENVCLFLNLANDPTIERIITPRLTLTAAEYLAYQCEKHVLVILTDMSSYAEALREVSAAREEVPGR 
Human kidney  -.A...Y.D.....................S...Q..T.G......................A..T..F.................................... 
Bovine kidney -.A...Y.D.....................S...Q..T.G......................A..T..F.................................... 
Mouse Iso. 1  -.A...Y.......................S...Q..T.G......................A..T..F.................................... 
Rat Iso. 1    -.A...Y.......................S...Q..T.G......................A..T..F.................................... 
                                                                                                                                                 
                320         *       340         *       360         *       380         *       400         *       420    
Artemia       RGFPGYMYTDLATIYERAGRVEGRNGSITQIPLLTMPNDDITHPIPDLTGYITEGQIYVDRQLYNRQIYPPINVLPSLSRLMKSAIGEGMTRKDHSDVSNQLYAC 
Human kidney  ........................G.......I.................F......G.....H...............................G......... 
Bovine kidney ........................G.......I.................F......G.....H...............................G......... 
Mouse Iso. 1  ........................G.......I.................F......G.....H...V...........................G......... 
Rat Iso. 1    ........................G.......I.................F......G.....H...V...........................G......... 
                                                                                                                                                
                       *       440         *       460         *       480         *       500◄        *                
Artemia       YAIGKDVQAMKAVVGEEALTPDDLLYLEFLTKFEKNFISQGSYENRTVFESLDIGWQLLRIFPKEMLKRIPASVLAEYYPRDARGRHNE----- 498 
Human kidney  ....................SE........Q.......N..P....S......L..K..............QA.ID.F.S.EGALQDLAPDTAL 513 (85%) 
Bovine kidney ....................SE........Q....K..N..P..K.S......L..K...T..........QNIID.FFS.EGAPQDT.ADTAL 513 (83%) 
Mouse Iso. 1  ....................SE........Q.......T..P...........L..K..............Q.MTD.F.S.QGAQQDPASDTAL 513 (86%) 







Fig. 2.2.  Phylogenetic relationship of amino acid sequences for the NtpB domain from invertebrate, 
mammalian brain-type (B2), mammalian kidney-type (B1), and yeast V-ATPase B-subunit isoforms.  
GenBank accession numbers are listed here in descending order with respect to the cladogram, beginning 
with A. aegypti (AAD27666, XP_312029, P31410, 31401, AY197611, AAF08281, CAA44721, P31408, 
P50517, NP_476561, NP_001683, P31407, NP_598918, XP_232119).  Scale represents the proportion of 
AA difference between sequences.  Bootstrap values from 1000 replicates are listed at each node.  
Sequences are placed into two groups: specific and generalist, based on the highlighted bootstrap values, 
and general functional repertoire of the inclusive isoforms.  Percent amino acid identity with the A. 




total RNA samples hybridized with a probe produced from the A. franciscana B-subunit cDNA (Fig. 
2.3A).  The 3500 bp band is of much lower intensity than the 2250 bp band, and decreases significantly 
during early development according to densitometric analysis, disappearing entirely after 24 h (F4,14 = 
15.94, P < 0.0002).  A similar analysis of the 2250 bp band suggests a decrease in the content of this 
message over the first 16 h of development, followed by an increase between 16 and 48 h.  However, 
these changes in the 2250 bp band are not statistically significant (F4,14 = 1.86, p = 0.1938).  Analysis of 
these data, in the absence of an internal control, is based on observations that both total RNA and 
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ribosomal RNA remain relatively constant until 16 – 24 h of development at 30 °C (McClean and 
Warner, 1971; Koller et al., 1987; Hofmann and Hand, 1992).  The possibility remains, however, that 
expression levels beyond 16 h of development may be underestimated using this method, as total RNA 
has been observed by Fisher et al (1986b) to increase by 25% between hours 16 and 24 of aerobic 
development.  
A second mRNA expression profile was produced in order to more rigorously test for differential 
expression inferred from the trends above for the 2250 bp transcript (see methods).  In this experiment, 
synthetic plant RNA was used as an internal control for the examination of mRNA expression for the V-
ATPase B-subunit.  The profile produced with this method clearly demonstrates significant (H0.05,3,3,3,3,3 = 
14.942, p = 0.01) differential expression of the 2250 bp band transcript during the first 24 hours of 
development (Fig. 2.3B).  This B-subunit message drops by 47.0 ± 2.8% during the first 12 h of aerobic 
development (Fig. 2.3B), at which point the embryo is in the process of emerging from its protective cyst 
wall (emergence stage 1; Fig. 2.3C).  By 16 h of development, message levels have decreased by 59.4 ± 
3.3% relative to hour 0 (Fig. 2.3B), and the embryo is now enclosed only by a thin hatching membrane 
(Emergence stage 2; Fig. 2.3C).  By 24 h of development the swimming nauplius predominates (Fig. 
2.3C), and mRNA levels are no longer significantly different from 0 h.  Thus, our second experiment 
confirms, with statistical significance, the trends seen for the 2250 bp transcript in the first experiment.  
Importantly, this confirmation comes with the use of two different RNA isolation procedures.  The larger 
(≥3500 bp) mRNA is also apparent in the Northern blot of total RNA isolated by the RNeasy method, but 
was too faint to allow confirmation of the trends seen in its expression from the first experiment (data not 
shown).  It is noteworthy that a single B-subunit gene can produce multiple mRNA transcripts with 
differing sizes and developmental expression patterns.  Work on the mosquito, Culex quinquefasciatus, 
shows the expression of two B-subunit transcripts in larvae (4.2 and 1.8 kb), but only one 3.0 kb 
transcript in pupae (Filippova et al., 1998).  The Northern blot results presented here suggest that a similar 
pattern may exist for A. franciscana.  However, we were unable to identify more than one distinct cDNA 
in these embryos despite the sequencing of multiple clones. 
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Fig. 2.3.  Profile of mRNA expression for the V-ATPase B-subunit, as observed by Northern blot analysis 
of total RNA isolated via (A) CsCl cushion or (B) RNeasy affinity spin column.  Data for the 3500 bp 
message are plotted as circles with a dashed line.  Data for the 2250 bp message from post-diapause 
embryos are plotted as diamonds and solid line, while that for diapause embryos are plotted as a cross.  
Two of the hour 4 samples for plot B were excluded from analysis, as they formed insoluble precipitates 
during the drying step preceding suspension in gel loading buffer.  For Northern blots, values are 
expressed as means ± S.E.M., n = 3.  Shared lowercase letters above error bars indicate that no significant 
difference exists between time points, as determined by Tukey’s test.  An asterisk denotes that a 
significant difference was found between two time points, as determined by the Nemenyi test.  (C)  
Relative abundance of four A. franciscana developmental stages during incubation at 22 – 23 °C.  For 
each time point, a total of 332 – 631 individuals were counted, and the data were plotted as a percentage 
of the total. 
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Analysis of V-ATPase protein expression during development 
To determine whether or not V-ATPase protein is expressed during early development, Western 
blot analysis was performed on subcellular fractions isolated during the first 8 h of development.  Unlike 
that reported for the decapod crustacean Carcinus maenas (Weihrauch et al., 2001), A. franciscana blots 
hybridized with a monoclonal antibody raised against the B-subunit from yeast (Molecular Probes) 
produced inconclusive results (data not shown).  However, a polyclonal antibody raised against the native 
V1 domain of the V-ATPase from Manduca sexta (Huss, 2001), did cross-react with 4 proteins present in 
heavy membrane, microsomal vesicle, and soluble cytosolic fractions of A. franciscana lysates (Fig. 2.4, 
2.5A and 2.5B).  These protein bands were identified as subunits A, B, E, and G of the V-ATPase by 
comparison with immunoreactive proteins of similar size in lysates of Manduca sexta (Fig. 2.4 and 2.5B).   
Further support for the identification of subunit B in A. franciscana lysates is provided by cross 
reactivity of the V1 antibody with a fragment of the Artemia B-subunit expressed in vitro (Fig. 2.4; lane 
F1 and F2).  This in vitro expressed protein consists of 127 amino acids encoded by the A. franciscana B-
subunit cDNA (amino acids 220 – 346), and 65 amino acids encoded by vector.  The complete protein is 
192 amino acids in length, and has a calculated molecular mass of 21.4 kDa.  This size closely matches 
that of the 25 kDa immunoreactive protein observed in northern blots of inclusion bodies isolated from 
the expression host (Fig. 2.4, lane F1 and F2), thus confirming cross-reactivity of the V1 antibody with the 
fusion protein.  Recognition of vector sequence by the V1 antibody is highly unlikely, since the antibody 
was raised against the native V1 complex of Manduca sexta.  In addition, it is unlikely that the antibody is 
detecting homologous F1 subunits from the mitochondrial ATP-synthase, since signals from 
mitochondrial preparations are very weak in comparison with post-mitochondrial fractions (Fig. 2.4; lane 
M).  Control blots incubated with secondary antibody only demonstrate that the banding patterns present 






Fig. 2.4.  Western blot analysis of A. franciscana B-subunit fusion protein (F1, 4 µg NtA column purified; 
F2, 7 µg solublized inclusion body), V-ATPase expression in subcellular fractions of encysted embryos 
(M, mitochondrial pellet; H, heavy membrane pellet; V100, heavy microsomal vesicle pellet; S100, 
supernatant of 100 x g spin; 40 µg per lane), and a Manduca sexta positive control (Ms, heavy membrane 
pellet; 1 µg per lane).  Blot on the left was incubated with 1° antibody raised against the native V-ATPase 
V1 complex purified from Manduca sexta midgut (Huss, 2001).  All immunoreactive bands were 
identified by comparison with control blots incubated with 2° antibody only (blot not shown), and are 
listed to the left of the figure.  Lane CM is the control for mitochondrial lysates from A. franciscana 
(incubated 2° antibody with only), and is included to demonstrate that the banding in lane M is non-




Identification of the 70 kDa A-subunit was confounded by the co-migration of a protein that gave 
a strong signal in all blots incubated with a biotinylated secondary antibody (Fig. 2.4 and 2.5A).  For this 
reason, subunit A was visualized with a less sensitive technique employing an AP-conjugated secondary 
antibody (Fig. 2.5B).  In these blots, expression of subunit A was detected in the microsomal fraction only 
(Fig. 2.5B; V140).  In blots incubated with a polyclonal antibody recognizing the d-subunit from M. sexta , 
three immunoreactive bands are visible (Fig. 2.5C and D).  While difficult to discern from nonspecific 
background fluorescence, these bands appear only on blots incubated with the primary antibody 
recognizing Manduca sexta d-subunit, and never on control blots.  Two of these bands are present in 
heavy membrane preparations only (Fig. 2.5C; 44.6 and 43.6 kDa bands), while the third is present in 
both heavy membrane and microsomal vesicle preparations (Fig. 2.5C; 40.8 kDa band).  A comparison 
with the M. sexta homologue, suggests that the third, or smallest, of these is the d-subunit from the  
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Fig. 2.5.  Western blot analysis of V-ATPase expression in subcellular fractions of encysted embryos, 
employing 3 polyclonal antibodies raised against the native V1 complex (panels A and B), recombinant d-
subunit of the V0 domain (panels C and D), or recombinant a-subunit of the V0 domain (panel E) from 
Manduca sexta larvae.  A biotinylated 2° antibody was used for blots in panels A, C, D, and E.  An 
alkaline phosphatase conjugated 2° antibody was used for blot in panel B to allow visualization of subunit 
A (70 kDa), which is obscured in biotinylated blots by a strong non-specific band visible in blots A, C, D, 
and E (ns).  Subcellular fractions from 0 and 8 h of development were run side by side (H, heavy 
membrane; V140, microsomal vesicles pelleted at 140 k × g; S140, post-ribosomal supernatant from 140 k × 
g spin; W, V140 pellet resuspended in buffer of low ionic strength and pelleted a second time; Ms, 
Manduca sexta heavy membrane preparation).  All immunoreactive bands were identified by comparison 
with control blots incubated with 2° antibody only.  Subunit designation and apparent Mr for each band 




Three immunoreactive bands (>105, 94, and 60 kDa) are also visible in blots of Artemia lysates 
incubated with a polyclonal antibody recognizing the a-subunit from M. sexta (Fig. 2.5E).  The 94 kDa 
band was identified as subunit a based on size comparison with the M. sexta homologue.  The >105 kDa 
band may be an aggregate with a second protein, as heat denaturing the protein sample for > 1 min causes 
the 94 kDa band to disappear while the >105 kDa band increases in intensity for both M. sexta and A. 
franciscana samples (data not shown).  The 60 kDa band is most likely a breakdown product of the 94 
kDa a-subunit.  All three of these bands appear in western blots of M. sexta membrane preparations (Fig. 
2.5E; Ms).   
Abundance of the membrane bound d and a-subunits from the V0 domain does not change 
appreciably during the first 8 hours of development (Fig. 2.5E).  This finding stands in contrast with that 
for three of the soluble subunits of the V1 domain (B, E, and G), which show a small qualitative increase 
in expression within the heavy membrane fraction (Fig. 2.5A; H), but not in the larger cytosolic pool (Fig. 
2.5A; S140), over the same time period. 
 
Effect of V-ATPase and ATP-synthase inhibitors on hatching success 
 Prior to inhibitor studies, tests were conducted to determine whether or not the ethanol used to 
solubilize inhibitors impacted hatching of embryos in varying salinities of artificial seawater.  Ethanol had 
no effect on the hatchability of dechorionated embryos at concentrations ≤ 10% (Fig. 2.6).  
Concentrations in excess of 10% eventually caused bleaching of color and mortality, which indicates 
permeability of embryos to ethanol.  It is of interest to note that the effect of ethanol and macrolide 
antibiotics on hatching success of dechorionated embryos was affected by the severity of the 
dechorionation procedure.  Both the age of the dechorionation solution and variation in the exposure to 
this solution influenced survivorship of subsequent treatments even though differences in embryos were 


























Fig. 2.6.  Percentage of A. franciscana embryos developing to the swimming naupliar stage when 
incubated in 35 ppt artificial seawater in the presence of 0, 10, 20, and 30 % ethanol.  Data are means ± 




The permeability of encysted A. franciscana embryos to lipid soluble inhibitors was determined 
by observing hatching success in varying concentrations of oligomycin, a macrolide antibiotic which 
specifically inhibits the F-type ATP-synthase of mitochondria.  The ability of dechorionated embryos to 
develop beyond the encysted stage decreased as the concentration of oligomycin was increased.  In 
contrast to the results presented below for bafilomycin, only an extremely small number of individuals 
developing beyond this stage ceased to develop during the subsequent E1 or E2 stages of emergence (Fig. 
2.7A).  Similar results were obtained if the dechorionated embryos were blotted dry prior to incubation, 
but the decrease in hatching success was more pronounced at lower concentrations of oligomycin (Fig. 
2.7B), likely due to greater inhibitor uptake resulting from bulk flow of water during rehydration.  In 
contrast, hatching of control embryos with an intact chorion was unaffected by oligomycin concentrations 
as high as 10 µmol L-1 (Fig. 2.7B). 
 32
 Hatching studies obtained with bafilomycin, a specific inhibitor of the V-type proton pump (V-
ATPase), indicated that embryos were also permeable to this plecomacrolide antibiotic, although the 
pattern of response differed from that seen with oligomycin.  Specifically, inhibition of development was 
more pronounced at lower concentrations for bafilomycin, and a larger percentage of embryos that began 
the emergence process arrested in the E1 or E2 stages with bafilomycin (Fig. 2.8A).  The development of 
control embryos (chorion intact) was unaffected prior to the E2 stage, and then was inhibited only at 
concentrations ≥ 6 µmol L-1 (Fig. 2.8B).  Periodic observation over 35 h demonstrated no noticeable 
effect of bafilomycin on developmental rate of dechorionated embryos at inhibitor concentrations below 2 
µmol L-1 (Fig. 2.9A-C).  Instead, as the concentration of bafilomycin was increased, a greater percentage 
of individuals stopped developing while in the encysted stage.  The addition of 4 µmol L-1 bafilomycin 
after 8 h of development depressed hatching (Fig. 2.9F), but not as much as when the inhibitor was 
present from hour 0 (Fig. 2.9E).  Thus, bafilomycin is permeable to embryos during preemergence 
development.  These results are the first to demonstrate a method for loading encysted embryos with lipid 
soluble inhibitors, and indicate a requirement for functional V-ATPase during preemergence 
development.  Individuals that arrested during the process of emergence showed signs of emergence 
defects noted elsewhere (Trotman, 1991), suggesting that the V-ATPase is also involved in the osmotic 
mechanism employed during emergence and hatching. 
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Fig. 2.7.  Concentration dependence for inhibition of hatching in A. franciscana with oligomycin.  (A) 
Simultaneous observation of the relative abundance of 4 developmental stages: dechorionated encysted 
embryos (blue diamond), E1 (green square), E2 (yellow triangle), and nauplii (red circle) calculated as a 
percentage of all individuals present.  (B) Percentage of individuals reaching the swimming naupliar stage 
under the following conditions: chorion intact (control; solid line), dechorionated (long dash line), and 
dechorionated followed by blotted dry before placement in incubation medium (short dash line). Data are 
means ± SE (n = 3). 
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Fig. 2.8.  Concentration dependence for inhibition of hatching in A. franciscana with bafilomycin.  
Observation of the relative abundance of 4 developmental stages: encysted embryos (blue diamond), E1 
(green square), E2 (yellow triangle), and nauplii (red circle) calculated as a percentage of all individuals 
present. Hatching studies were conducted using either (A) dechorionated embryos or (B) embryos with 
intact chorion. 
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Fig. 2.9.  Developmental time course of the relative abundance of 3 developmental stages: dechorionated 
encysted embryos (blue diamond), E1 and E2 emergence stages combined (yellow triangle), and nauplii 
(red circle) calculated as a percentage of all individuals present.  Dechorionated embryos incubated in 35 
ppt instant ocean + 0.5% EtOH served as a control (A).  Experimental treatments with 0.5 (B), 1.0 (C), 
2.0 (D), and 4.0 µM (E) bafilomycin in the presence of 0.5% EtOH began at hour 0.  To determine 
whether or not embryos were permeable to bafilomycin prior to emergence, 4 µM bafilomycin was added 
at hour 8 (D), as indicated with a dashed line. 
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The primary goals of the present study were to determine whether or not the V-ATPase proton 
pump occurs in A. franciscana embryos, and if so, to characterize this expression in the context of a 
potential role in anoxia signaling during pre-emergence development.  We succeeded in demonstrating 
that (1) bona fide mRNA for subunit B of the V-ATPase is expressed during early development, (2) the 
deduced amino acid sequence of a B-subunit cDNA shows greater identity with the more broadly 
localized, and functionally diverse, homologues from other eukaryotes, (3) differential expression of B-
subunit message occurs over developmental time, (4) at least six constituent subunits of the V-ATPase are 
expressed throughout encysted development, (5) subunits of both the V1 and V0 domains of the V-ATPase 
co-occur in both microsomal and heavy membrane preparations, (6) dechorionated embryos are 
permeable to the V-ATPase inhibitor bafilomycin, and (7) inhibition of V-ATPase activity with 
bafilomycin interrupts embryonic development during the anoxia tolerant stage.  In the following 
discussion, we argue that these findings permit formulating an hypothesis whereby protons are first 
compartmentalized by the V-ATPase as a part of normal gastrula stage development, and subsequently 
released from these compartments into the cytoplasm upon exposure of the encysted embryo to anoxia.  
Such a release could facilitate the observed drop in intracellular pH, which has proven quantitatively 
inexplicable for more than two decades.  
In order to better appreciate the role that acidic compartments might play in anoxia signaling, we 
examined the potential locations of such compartments within the anoxia tolerant embryos by focusing on 
expression of the V-ATPase proton pump.  All attempts to localize the V-ATPase with 
immunohistochemistry were unsuccessful.  Thus, we employed a combination of sequence data analysis 
and western blotting to infer its subcellular distribution.  Sequence alignments (Fig. 2.1) and phylogenetic 
analysis (Fig. 2.2) demonstrate that cDNA for the V-ATPase B-subunit of A. franciscana (Crustacea; 
Anostraca) groups with homologous B-subunit isoforms from invertebrates—specifically between the 
decapod crustacean, Carcinus maenas, and insects.  A breakdown of this phylogenetic analysis produces 
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two distinct groupings: ‘generalist’ and ‘specific’, based on the subcellular localization and functional 
repertoire of the holoenzyme.  The ‘specific’ grouping includes mammalian B-subunit isoforms known to 
be incorporated into V-ATPase employed specifically for proton secretion across the plasma membrane.  
By contrast, the ‘generalist’ grouping includes invertebrate and mammalian isoforms likely to be 
incorporated into V-ATPase present in both intracellular and plasma membranes for a diverse array of 
functions (Futai et al., 2000).  Given that the A. franciscana isoform groups within the ‘Generalist’ clade, 
it is plausible that the V-ATPase of the anoxia tolerant embryos is localized to both plasma and organellar 
membranes.  Indeed, the Western blot data presented here bolster this hypothesis, supporting the 
argument for a broadly localized distribution of V-ATPase within encysted embryos. The co-localization 
of V1 domain subunits (B, E, and G) with V0 domain subunits (d and a) in both heavy and microsomal 
membrane preparations (Fig. 2.5) is consistent with the distribution of intact V-ATPase in both plasma 
and vesicular membranes during the earliest stages of encysted development.  However, it should be 
noted that V-ATPase localization to the plasma membrane can be the result of participation in exocytosis 
or membrane energization, neither of which involve the establishment of a large proton chemical gradient 
(Harvey and Wieczorek, 1997).  Thus V-ATPase acidified compartments are likely to be intracellular. 
An analysis of the V-ATPase expression data presented here in the context of recent literature 
strongly suggests a role for this enzyme in the establishment of intracellular proton stores in developing 
embryos.  Wieczorek et al (2000) noted that biosynthesis of V-ATPase subunits is tightly regulated in 
instances when the V-ATPase functions in a capacity other than the acidification of intracellular 
compartments.  These authors point out that a molting-induced decrease in the activity of V-ATPase from 
Manduca sexta midgut parallels decreases in transcript levels for every subunit examined.  However, for 
at least the first 8 h of development, such parallel changes are not apparent in A. franciscana, as the 
abundance of B-subunit mRNA during preemergence development (Fig. 2.3B) is not tightly linked to the 
level of the encoded protein incorporated into the holoenzyme (Fig. 2.5).  Abundance of the 2250 bp B-
subunit mRNA decreases consistently throughout the first 16 hours of development (Fig. 2.3B), while 
Western analyses suggest a modest increase in the incorporation of B-subunit protein in membrane-bound 
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V-ATPase complexes.  Based these observations, one might suggest that acidification of intracellular 
compartments is the primary role for the V-ATPase of brine shrimp embryos.  Indeed, published data 
regarding the development of A. franciscana embryos offer some support for this hypothesis.  Increases in 
enzyme activities associated with transcription (Slegers, 1991), and in total protein labeling from pulse-
chase experiments (Peterson et al., 1978), suggest an elevated demand for trafficking of newly 
synthesized proteins prior to emergence of the brine shrimp larva.  In addition, both an embryonic cuticle 
and the first naupliar exoskeleton are synthesized by the epithelial cells during the process of emergence 
(Rosowski et al., 1997), suggesting the need for a very active exocytotic pathway between 8 and 24 h of 
development.  Lysosomal activity has also been noted to be involved in the degradation of yolk platelets 
(Perona et al., 1988; Perona and Vallejo, 1989).  Given that protein trafficking, yolk platelet degradation, 
and exocytosis require V-ATPase mediated acidification of lysosomes, transport vesicles, and golgi it 
seems probable that the acidification of these intracellular compartments is a primary function of the brine 
shrimp enzyme during early development. 
If proton chemical gradients are involved in anoxia signaling in brine shrimp embryos, a 
mechanism would be required to coordinate oxygen sensing with net proton flux from acidic 
compartments.  Recently published work on vertebrate, insect, and yeast V-ATPase suggests that the V-
ATPase of brine shrimp embryos may be downregulated under anoxia by changes in ATP:ADP ratio and 
Pi concentration.  For this reason it is of interest that Artemia franciscana embryos deal with repeated and 
prolonged bouts of environmental anoxia by entering a reversible state of metabolic depression 
characterized, in part, by a reverse Pasteur effect.  Under anoxia these embryos rapidly shut down both 
catabolic and anabolic processes (Hand and Hardewig, 1996), and ultimately approach an ametabolic 
state (Warner and Clegg, 2001).  Concomitant with this metabolic downregulation is a precipitous drop in 
adenylate status (Stocco et al., 1972).  Over a 24 h period of anoxia, ATP levels decrease by 94.6 ± 0.9% 
(Anchordoguy and Hand, 1994), with the majority of this decline occurring in the first few minutes.  As a 
result, during the first 21 min of anoxia the ATP:ADP ratio decreases from 7.6 to 0.92 (Anchordoguy and 
Hand, 1994) while [Pi] increases greatly (Rees et al., 1989).  Importantly, recent catalytic analysis of V-
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ATPase from both insects and yeast demonstrates that even small reductions in the ATP:ADP ratio 
inactivate this proton pump (Huss and Wieczorek, 2003; Kettner et al., 2003), while work on vertebrates 
and yeast shows that both ADP (Vasilyeva and Forgac, 1998; Kettner et al., 2003) and Pi (David and 
Baron, 1994) have inhibitory effects on V-ATPase activity as well.  If regulation by such biochemical 
variables occurs in A. franciscana, proton translocation by the V-ATPase would stop within minutes of 
anoxic exposure.  Provided that all H+ gradient dissipative paths are not concurrently downregulated, 
directional net H+ flux would then dissipate existing gradients, and acidify the surrounding cytoplasm.  
Interestingly, incubation of permeabilized mammalian cells in ATP free medium resulted in 0.7 pH unit 
alkalinization of the trans-golgi network, which was fully reversed by the addition of exogenous ATP 
(Demaurex et al., 1998).  These authors also demonstrate an alkalinization of golgi during incubation with 
the V-ATPase inhibitor, conconamycin.  Similar effects were observed with bafilomycin incubation or 
ATP deprivation for yolk platelets of permeabilized Xenopus oocytes (Fagotto and Maxfield, 1994b).  
Taken together these data suggest that inhibition of V-ATPase activity via a decrease in cellular ATP is 
enough to cause a net proton flux from organelles such as golgi and yolk platelets to the cytosol. 
Leakage of protons from intracellular compartments can significantly acidify the cytosolic space 
(Madshus et al., 1987).  However, in any given cell the effect of proton flux from these compartments 
would ultimately depend on their relative buffering capacities and size in relation to the surrounding 
cytoplasmic space.  While we are unaware of any studies reporting these values in Artemia embryos, a 
large body of literature does describe such values for components of the protein synthetic, degradative, 
exocytotic, and endocytotic pathways of other species (Kelly et al., 1991; Van Dyke and Belcher, 1994; 
Rybak et al., 1997; Ibarrola et al., 2000; Schoonderwoert and Martens, 2001; Wu et al., 2001).  Based 
both on these data and published morphological  studies on Artemia (Perona et al., 1988; Perona and 
Vallejo, 1989), one can estimate that golgi, lysosomes, and various transport vesicles constitute 2% of the 
intracellular volume in Artemia embryos, and have a weighted average pH of 5.4 with a buffering 
capacity of 60 mmol H+ (L cytosol) -1 (pH unit)-1 over the predicted range of compartment alkalinization 
under anoxia.  It is also reasonable to include an estimate of the effect of proton release from membrane-
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bound yolk platelets in Artemia, the potential acidification of which has been discussed elsewhere (Busa 
et al., 1982; Fagotto, 1991).  Because the yolk platelets of Artemia are most stable in vitro at a pH of 5.7 
(Utterback and Hand, 1987), and an in vivo pH of 5.6 was observed for non-degrading yolk platelets in 
Xenopus oocytes (Fagotto and Maxfield, 1994a), it is plausible to assume a pH of 5.7 for the yolk 
platelets of A. franciscana embryos.  We can also conservatively assume a buffering capacity of 60 mmol 
H+ (L cytosol) -1 (pH unit)-1 given that 80% of embryonic protein is stored in the yolk platelets (Vallejo et 
al., 1981), and that yolk platelets of other species are known to have a high buffering capacity (Fagotto 
and Maxfield, 1994b).  A two dimensional analysis of electron micrographs generated by our lab (data not 
shown) suggests that approximately 15% of the embryonic space is occupied by yolk platelets.  Using 
these data in conjunction with a general cytoplasmic buffering capacity of 18 mmol H+ (L cytosol) -1 (pH 
unit)-1 published by Kwast et al. (1995), and assuming that intracellular compartments will not alkalinize 
above pH 6.4 under anoxia, one can estimate the contribution of protons from these compartments to be 
50% of that required to explain the pH shift occurring during the first 20 min of anoxia.1
In summary, it seems improbable that a concentration gradient of protons could be maintained 
across lipid bilayers over years of anoxia in the face of an absence of available cellular energy for proton 
transport.  We propose that rather than undergoing a slow gradient dissipation spanning months or years, 
A. franciscana embryos experience an acute release of protons from acidic compartments, which is 
triggered by exposure to anoxia.  Inactivation of H+ pumping by the V-ATPase would be an essential step 
for such a process, and may represent an exaptation critical to anoxia tolerance in this species.  The data 
reported here demonstrate that this proton pump is differentially expressed during the period of encysted 
development characterized by anoxia tolerance, while inhibition of its activity with bafilomycin halts 
embryonic development.  Together these data demonstrate a critical need for proton pumping prior to the 
                                                 
1 Calculations for the net release of protons sequestered in membrane-bound compartments, and its effect 
on pHi: from yolk platelets, 0.15 v/v · 60 mM β/pH · 0.7 pH unit ps = 6.3 mM H+; from golgi, lysosomes, 
and various transport vesicles, 0.02 v/v · 60 mM β/pH · 1.0 pH unit ps = 1.2 mM H+; H+ required for 
acidification/realkalinization of the cytoplasm across the pH range of 7.7 to 6.7, 0.83 v/v · 18 mM β/pH · 
1.0 pH unit ps = 15 mM H+.  Thus, (1.2 mM + 6.3 mM)/15 mM · 100 = 50%.  Abbreviations: v/v = the 
fraction of total embryonic volume, β/pH = the estimated average buffering capacity per pH unit over the 
relevant range of pH change, and ps = predicted total alkalinization of compartment under anoxia. 
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rapid growth phase accompanying emergence.  Interestingly, the sharp decline in ATP:ADP ratio seen in 
A. franciscana under anoxia could inactivate the V-ATPase within minutes of exposure to anoxia.  
Subsequent dissipation of proton chemical gradients could help facilitate the observed cytoplasmic 
acidification required for quiescence.  In Chapter 3, we present 31P-NMR experiments that directly test the 





V-ATPASE INHIBITION PREVENTS RECOVERY FROM ANOXIA  
IN A. FRANCISCANA EMRBYOS 





For more than 20 years, the source of the impressive intracellular acidification induced by anoxia 
in encysted embryos of the brine shrimp, Artemia franciscana, has eluded a complete explanation.  In the 
proceeding chapter (cf. Covi and Hand, 2005) we proposed a novel mechanism for regulated acidification 
of the intracellular space, in which exposure to anoxia would trigger a net flux of protons from acidic 
compartments to the surrounding cytoplasm.  Given the rapid drop in cellular ATP:ADP ratio occurring 
under anoxia in these embryos (Stocco et al., 1972; Anchordoguy and Hand, 1994), this process would 
likely involve inactivation of ATP-dependent proton pumping into these compartments (Huss and 
Wieczorek, 2003; Kettner et al., 2003).  Here we demonstrate that in vivo inhibition of V-ATPase activity 
in encysted embryos both induces a reversible intracellular acidification under aerobic conditions and 
precludes recovery from the intracellular acidification induced by anoxia.  In addition, we show that 
global dissipation of proton gradients with carbonyl cyanide 3-chlorophenylhydrazone (CCCP) yields an 
acidic intracellular pH (pHi) similar to that observed after 1 h of anoxia.  We argue that together these 
data offer strong support for the hypothesis that proton gradient dissipation is a key contributor to anoxia 
induced acidification of the intracellular space in A. franciscana embryos.  Indeed, when combined with 
the protons produced by net hydrolysis of ATP (Busa and Nuccitelli, 1984; Kwast et al., 1995), the 
collapse of proton chemical gradients can fully explain the origin of acid equivalents required for this 
acidification. 
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Descriptive observations of Artemia development can be traced to the early 1900s (for review, 
see Clegg and Conte, 1980), and extensive investigation of the mechanisms involved in the extreme 
anoxia tolerance displayed by the encysted embryonic stage continues on many fronts (e.g., Clegg et al., 
2000; Warner et al., 2002; Willsie and Clegg, 2002; Eads and Hand, 2003a; Menze et al., 2005).  
However, until now, functional examination of these mechanisms in vivo has been hampered by the 
presence of a cyst shell that encapsulates these embryos.  This shell can be divided into two main 
sections: tertiary envelope (chorion) and embryonic cuticle (Drinkwater and Clegg, 1991), which together 
present a physical barrier conferring impermeability to all but low molecular weight gasses and water 
(Trotman, 1991).  It even appears to prevent the passage of protons (Busa et al., 1982) and volatile 
solvents such as DMSO (Price, 1967).  In chapter 2, however, we demonstrated that removal of the 
chorion confers permeability to macrolide antibiotics like bafilomycin, a highly specific and lipid soluble 
inhibitor of the V-ATPase (Covi and Hand, 2005).  This method of permeabilization is used 
advantageously in the present study, and promises to expand the experimental repertoire available for 
other in vivo experiments in the future with these encysted embryos. 
The V-ATPase is a proton pump that is well known for its nearly ubiquitous role in the 
acidification of intracellular compartments (Forgac, 2000; Futai et al., 2000).  These compartments are 
diagramed in Fig. 3.1 and include early and late endosomes, golgi complex, exocytotic and protein 
trafficking vesicles, lysosomes, and yolk platelets (Fagotto, 1995; Nishi and Forgac, 2002).  Not 
surprisingly, a large number of physiological processes depend on V-ATPase activity, including 
endocytosis, exocytosis, protein targeting, receptor recycling, and lysosomal function (Nishi and Forgac, 
2002).  Of particular relevance when considering A. franciscana embryos is the finding that the 
acidification of yolk platelets for degradation requires an ATP-dependent proton pump in insects (Abreu 
et al., 2004), and is inhibited by bafilomycin in Xenopus oocytes (Fagotto and Maxfield, 1994a) and 
Rhodnius prolixus eggs (Motta et al., 2004).  The only form of regulation of V-ATPase activity known to 
have physiological relevance is the dissociation of the peripheral (V1) sector from the membrane spanning 
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(V0) domain (Wieczorek et al., 2003), and this disassembly may be a mechanism for inactivating the V-





Figure 3.1.  Model describing the potential acidic compartments within a developing encysted gastrula of 
the brine shrimp, Artemia franciscana.  Degree of acidification is indicated by grey scale.  Maintenance 
of steady state pH within acidic compartments is assumed to be regulated largely by ATP-dependent 
proton pumping, ion leak rates, and buffering capacity. 
 
 
The ability to survive prolonged bouts of anoxia is directly linked to the depression of cellular 
energy turnover (Hand, 1998).  This correlate is exemplified in A. franciscana embryos, for which it has 
reasonably been argued that long term survivorship under anoxia is accomplished in part through the 
establishment of a nearly ametabolic state (Clegg, 1997; Warner and Clegg, 2001).  We previously 
proposed that the drop in cellular ATP:ADP ratio and increase in free Pi are likely to inactivate the V-
ATPase within minutes of exposing these embryos to anoxia, and that subsequent dissipation of proton 
chemical gradients could result in a substantial cytoplasmic acidification (Covi and Hand, 2005).  Here 
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we use the technique of phosphorous nuclear magnetic resonance (31P-NMR) to directly test this 
hypothesis by observing the effects of V-ATPase inhibition and proton gradient dissipation on the 
intracellular pH status of intact brine shrimp embryos.  The protonophore CCCP is also used to examine 
the effects of complete dissipation of cellular proton gradients.  Specifically, this lipid-soluble weak acid 
facilitates a comparison of intracellular acidification under anoxia with the acidification induced by 





 Instant Ocean was purchased from Aquarium Systems (Eastlake, OH).  Gentamycin sulfate and 
CCCP were obtained from Sigma (St. Louis, MO).  Bafilomycin A1 (referred to as bafilomycin for 
simplicity) was either obtained from AG Scientific (San Diego, CA) or LC Laboratories (Woburn, MA).  
Both bafilomycin and CCCP were dissolved in 100% ethanol, and stock solutions were stored at -20 °C.  
Low endotoxin sucrose for 31P-NMR and respirometry experiments was obtained from Pfanstiehl 
(Waukegan, IL).  All other chemicals used were of the highest grade available. 
 
Animals 
Encysted embryos of the brine shrimp Artemia franciscana (Great Salt Lake population) were 
obtained in the dehydrated state (post-diapause) from Sanders Brine Shrimp Co. (Ogden, Utah) in 2001.  
These post-diapause embryos were stored dry at -20 °C, and hydrated overnight at 0 °C in 0.25 mol L-1 
NaCl prior to dechorionation or aseptic washing.  Dechorionation was performed as previously described 
(Kwast and Hand, 1993).  Aseptic washing was performed using the same protocol, but the antiformin 
(NaOH/hypochlorite solution) wash was kept at 0º C to prevent complete removal of the chorion.  
Aseptically treated embryos were used in the 16 h anoxia study only.  Dechorionated embryos were used 
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in all other experiments.  Embryos were stored for no more than 16 h in ice cold 0.125 mol L-1 NaCl prior 
to experimentation.  All solutions were prepared less than 24 h prior to use, and the length of incubation 
time for embryos in antiformin was strictly maintained at 20 ± 1 min at room temperature.  
Developmental staging of embryos was conducted using the criteria described by Conte et al. (1977). 
 
NMR spectroscopy 
Proton decoupled 31P-NMR spectra were collected at a frequency of 202.458 MHz at a 
temperature of 298 ± 0.1 K using a Brucker AMX-500 spectrometer.  Two thousand forty eight data 
points were collected over a spectral width of 82 ppm, and datasets were zero-filled to 32K.  Except 
during the first hour of anoxia and recovery from anoxia, 3,072 transients were recorded over a period of 
10 min in each experiment.  During these transitions between aerobic and anoxic conditions, 1,536 
transients were recorded over 5 min in order to provided better time resolution of pH shifts.  Data were 
exponentially multiplied by 10 Hz line-broadening prior to Fourier transformation.  Zero reference was 
established using a 85% H3PO4 standard.  Field drift was assessed by the acquisition of 85% H3PO4 
spectra before and after each experiment.  A deuterium lock was not required, as field drift in our system 
(0.057 Hz h-1) was much lower than resolution (0.4 Hz data point-1). 
Embryos were packed by gravity into a 10 mm glass NMR tube, and movement during perfusion 
was prevented by placing a foam plug at the top of the embryo column.  For bafilomycin treatments and 
controls, embryos were superfused from the bottom of the tube with 0.2 mol L-1 sucrose.  For CCCP 
treatment and 16 h anoxia study, embryos were superfused with 0.25 mol L-1 NaCl.  It should be noted 
that control spectra obtained using sucrose superfusion were indiscernible from those obtained with NaCl 
superfusion (data not shown).  Both sucrose and NaCl solutions were sterile filtered before use, and the 
final concentration of ethanol during treatments was 0.2%.  Maintenance of aerobic conditions and 
induction of anoxia during in vivo spectroscopy were conducted as described by Kwast et al (1995).  In 
brief, embryos were superfused with oxygen saturated medium at a rate of 2 ml min-1, and anoxia was 
induced by stopping perfusion.  As discussed by Kwast et al (1995) the use of oxygen saturated medium 
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has no noticeable affect on embryonic development, and stopping superfusion provides the most rapid 
production of anoxic conditions.  Peak identification was accomplished by comparison with published 
spectra (Busa et al., 1982; Kwast et al., 1995).  Intracellular pH was estimated from the chemical shift 
(resonance frequency) of orthophosphate (Pi) using a titration curve generated in our facility (Fig. 3.2).  
This standard curve was produced using a solution of 10 mmol L-1 Pi, 110 mmol L-1 KCl, and 20 mmol L-
1 NaCl, and pH was set by the combination of mono and dibasic phosphate. 
 
Hatching assays 
 Hatching success was observed for embryos used in 31P-NMR experiments.  To remove inhibitors 
and ethanol from the incubation medium after NMR measurements were made, embryos were gently 
resuspended in the NMR tube using 35 ppt artificial seawater at room temperature, and care was taken to 
use only the embryos that were contained within the spectrometer detection window.  These embryos 
were transferred to a Durawipe (Johnson and Johnson Advanced Materials Co., New Brunswick, NJ) 
filter funnel, rinsed with artificial seawater, and resuspended in fresh 35 ppt artificial seawater for 15 – 30 
min prior to transferring to cell culture plates for hatching tests.  Embryos were allowed to develop in the 
dark for 66 – 69 h before counting.  This incubation period was sufficient for completion of hatching, as 
no further development was observed in individuals that did not reach the naupliar stage after 66 h.  It is 
relevant to note that recovery of pHi after removal of bafilomycin was not tested, as it is extremely 
difficult to remove bafilomycin from A. franciscana embryos.  For example, the depressed hatching rates 
caused by exposure to 4 µmol L-1 bafilomycin for 24 h at 0º C (10% hatch) are only slightly reversed by 
5.5 days of washing in inhibitor free medium at 0º (21% hatch).  Given the low KD  (10-8 mol L-1) and 
lipophilic nature of bafilomycin (Drose and Altendorf, 1997), this could be the result of strong binding 






 Respiration measurements were conducted in a solution of 0.2 mol L-1 sucrose.  CCCP was added 
2.75 h after embryos were placed in respiration medium at 25º C, and the final ethanol concentration after 
addition was 0.5%.  Respiration medium was sterile filtered prior to use, and oxygen consumption due to 
any bacterial contamination was limited by the inclusion of 50 µg ml-1 gentamycin sulfate.  Gentamycin 
sulfate has no noticeable effect on survivorship of A. franciscana embryos (see chapter 4; Fig. 4.1). 
 Dechorionated embryos were blotted dry, and 2 – 3 mg (approximately 230 – 350 embryos) were 
weighed directly in a 1 ml Eppendorf tube.  Embryos were resuspended respiration medium within 4 – 6 
min of blotting dry, and immediately transferred to a water jacketed respiration chamber (Strathkelvin 
Instruments model RC350; Glasgow, Scotland) that was maintained at 25 °C.  Oxygen tension was 
measured in 1.5 ml of medium using a polarographic oxygen electrode (Strathkelvin model 1302) under 
room lighting, and data were collected with DataCan V acquisition software from Sable Systems (Las 
Vegas, NV).  Raw data were analyzed with DatGraf software from Cyclobios (Innsbruck, Austria).  
Oxygen consumption by the electrodes, back diffusion into the system, and electrode time constants were 
corrected for as previously described (Kwast et al., 1995).  Oxygen tension was recorded continuously for 
6.5 h with gentle stirring, and the electrode was raised at regular predetermined intervals to introduce air 
for gas exchange.  In this way CO2 accumulation was limited, and oxygen tension was prevented from 
dropping below 65% air saturation.  It is important to note that while we observed no lysis or 
homogenization of embryos during respirometry experiments, continuous stirring does appear to increase 
permeability of the cuticle, and decrease subsequent hatching success in controls.  Thus, respiration 
effects observed with stirring cannot be directly compared with 31P-NMR, which has no detrimental effect 





 Spectra obtained from aerobic (Fig. 3.2A) and anoxic (Fig. 3.2B) A. franciscana embryos were 
very similar in appearance to those previously published by our research group and others (Busa et al., 
1982; Kwast et al., 1995).  Average embryonic (intracellular) pH was estimated using the chemical shift 
of Pi and a standard curve relating the Pi chemical shift to solution pH (Fig. 3.2C).  For encysted embryos, 
intracellular pH after 1 h of superfusion was estimated by 31P-NMR to be 7.70 ± 0.04 (mean ± SE; n = 7).  
This is slightly lower than the pH of ≥ 7.9 reported by Busa et al (1982), but identical to the 7.70 ± 0.02 
(n = 9) reported by Kwast et al. (1995).  During 1 h of anoxia, intracellular pH decreased to 6.66 ± 0.03 (n 
= 3), and restoration of aerobic superfusion after 1 h of anoxia produced a rapid alkalinization to pH 7.64 
± 0.05 (n = 3) over a period of 22.5 min.  Both of these measurements are also very similar to those 
reported by Kwast et al. (1995) for 1 h of anoxia (6.73 ±0.02) and 20 min of aerobic recovery (7.73 ± 
0.02) following 2 h of anoxia.  The lowest pH we observed was 6.25, which was recorded after 30 h of 
continuous anoxia (Fig. 3.2B).  It is also relevant to note that the 31P-NMR observations made by Kwast 
et al. (1995) employed aseptically treated embryos superfused with 0.25 mol L-1 NaCl, while those 
discussed above were made using dechorionated embryos superfused with 0.2 mol L-1 sucrose.  This 
demonstrates that the observed transitions in intracellular pH are insensitive to the surrounding medium 
even if the chorion is removed. 
 Aerobic superfusion of encysted embryos produced a single Pi resonance during the first 1.5 h of 
development, after which a second resonance appeared slightly upfield (to the right) of the first (Fig. 3.3A 
and B).  The pH indicated by both of these chemical shifts was relatively stable in control embryos until 
exposure to anoxia (Fig. 3.3A), upon which they merged and moved progressively upfield in accordance 
with the predicted intracellular acidification.  Relative to the control, exposure to 4 µmol L-1 bafilomycin 
beginning at 1.5 h of development had no noticeable effect on steady state pHi, acidification induced by 
anoxia, or alkalinization during aerobic recovery (Fig. 3.3A).  By contrast, when the embryos were 






Figure 3.2.  Representative 31P-NMR spectra of intact A. franciscana embryos collected after (A) 45 min 
of aerobic development or (B) 30 h of anoxia following 1 h of aerobic development.  Duration and nature 
of treatments are listed to the right of each spectrum.  Average embryonic (intracellular) pH is listed to 
the left.  Predominant chemical shifts for phosphate nuclei are identified by letters: (a) 
phosphomonoesters, (b) Pi, (c) γ-NTP and β-NDP, (d) α-NTP and NDP, and (e) β-NTP.  A standard curve 
(C) relating the chemical shift of Pi (δ) to solution pH was used to determine the average intracellular pH 





Figure 3.3.  pHi and NTP/NDP status of dechorionated A. franciscana embryos during acute treatment 
with bafilomycin as observed with 31P-NMR.  (A) Intracellular pH is plotted as a function of time for two 
Pi chemical shifts identified during early development.  Circles represent the downfield (left) Pi resonance 
while diamonds represent the upfield (right) Pi resonance.  Unfilled symbols indicate 4 µmol L-1 
bafilomycin treatment while solid symbols indicate 0.2% EtOH control treatment.  Period of bafilomycin 
or EtOH treatment is indicated by a hashed bar and anoxic period is indicated by a solid bar.  (B) 
Representative spectrum for aerobic embryos demonstrating the presence of two distinct Pi peaks, which 
appear as a part of normal aerobic development.  Range of pHi derived from Pi chemical shift is listed to 
the left of each spectrum, and a relevant pHi range is bracketed by a grey shaded box to illustrate relevant 
pH range observed in encysted embryos. 
 
 
31P-NMR, steady state aerobic pHi was noticeably acidified, and realkalinization of pHi after anoxia was 
severely blunted (Fig. 3.4A).  After 20 min of aerobic incubation a single broad Pi resonance indicated a  
slight acidification in embryos pretreated for 24 h with bafilomycin (Fig. 3.4A and B).  Recovery from 
this acidification appears to be asynchronous, given that the breadth of the Pi peak lessens during aerobic 
 53
incubation (Fig. 3.4B).  Importantly, the three phosphate resonances produced by NTP and NDP appear to 
be unaffected by bafilomycin treatment (compare Fig. 3.4B to 2A), which indicates that the embryos are 
indeed viable and metabolically active after the 24 h treatment with bafilomycin.  
Following 1 h of aerobic superfusion, exposure to 1 h of anoxia (26 h exposure to bafilomycin) 
produced a 0.87 unit acidification, which was accompanied by a large reduction in the size of the NTP 
and NDP chemical shifts (Fig. 3.4C).  This response is very similar to the anoxic response originally 
described by Busa et al (1982), suggesting that acidification mechanisms are still functional after 
prolonged bafilomycin exposure.  By contrast, intracellular alkalinization during aerobic recovery was 
severely inhibited in embryos exposed to prolonged bafilomycin treatment (Fig. 3.4A).  While an initial 
rapid alkalinization of 0.3 pH units was observed during the first 17.5 min of aerobic recovery, no further 
shift in the predominant Pi resonance was observed.  The broad nature of the phosphate peak indicated 
that heterogeneity of pH was still present during recovery from anoxia (Fig. 3.4D).  Indeed, 2 h after the 
restoration of aerobic superfusion, the Pi resonance indicated that the average intracellular pH ranged 
from 7.19 to 6.72.   It should be noted that we cannot be certain whether this pH range is entirely the 
product of heterogeneity among individuals, or if it is also the result of variation in pH among multiple 
compartments within individual embryos.  It is also important to note that NTP and NDP resonance 
signatures returned within 17.5 min of reestablishing aerobic conditions (Fig. 3.4D), providing important 
evidence indicating that oxidative phosphorylation was restored. 
The disparity in response observed between acute and prolonged treatments with bafilomycin 
suggests a time dependency for loading effective quantities of the inhibitor.  This possibility is supported 
by the observation that pre-incubation of dechorionated embryos with 1 µmol L-1 bafilomycin for 24 h on 
ice did not impair recovery from anoxia (data not shown), while 4 µmol L-1 bafilomycin clearly did.  
Movement of the inhibitor across the embryonic cuticle may be too slow to effect a change in pH status 
during acute treatment. 
 In addition to macrolide antibiotics, dechorionated embryos of the brine shrimp, Artemia 
franciscana are also permeable to the protonophore CCCP.  Incubation with 50 µmol L-1 CCCP at 25º C  
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Figure 3.4.  pHi and NTP/NDP status of dechorionated A. franciscana embryos for long-term treatment 
with bafilomycin as observed with 31P-NMR.  (A) Intracellular pH is plotted as a function of time for two 
Pi chemical shifts identified during early development.  Unfilled circles indicate pH estimated using the 
predominant Pi chemical shifts for embryos pretreated with 4 µmol L-1 bafilomycin on ice for 24 h prior 
to acquisition of NMR spectra.  Solid circles indicate pH determined from main downfield Pi resonance 
for control embryos given identical treatment, but in the absence of bafilomycin.  Solid diamonds indicate 
the upfield (acidic) Pi resonance for control embryos, which appears after 1.5 h of aerobic incubation as a 
part of normal development.  Period of EtOH (control) or bafilomycin treatment is indicated by a 
crosshatched bar and anoxic treatment is indicated by a solid bar.  Spectra used for plot of bafilomycin 
treatment are selectively displayed for (B) 1 h of aerobic development, followed by (C) 1 h of anoxia 
induced quiescence, and (D) 2 h of subsequent aerobic recovery.  Control spectra are not shown.  All 




produced a rapid rise in oxygen consumption by whole embryos, as would be predicted if the 
protonophore reached the mitochondrial inner membrane and uncoupled oxidative phosphorylation (Fig. 
3.5).  This initial increase was followed by prolonged decrease in oxygen consumption consistent with 
increasing mortality, which is expected to accompany complete uncoupling oxidative phosphorylation 
(Fig. 3.5).   
 





























Figure 3.5.  Effect of 50 µmol L-1 CCCP on oxygen consumption by dechorionated A. franciscana 
embryos.  Embryos were allowed to develop for 2.75 h before the addition of the protonophore CCCP.  
Period of incubation with CCCP is indicated by a black bar. 
 
 
Pre-incubation with 20 µmol L-1 CCCP for 30 h at 0º C (metabolism and development blocked by 
cold) has a large effect on the metabolic status and pHi of dechorionated embryos when re-warmed to 25º 
C.  In CCCP-treated embryos, the predominant Pi resonance, even though quite broad, indicates an 
acidified intracellular pH of 6.77 after a brief 20 min of aerobic incubation (Fig. 3.6A).  Also, as expected 
from exposure to an uncoupler of oxidative phosphorylation, NTP and NDP resonance peaks are greatly 
reduced relative to control embryos (Fig. 3.6A versus Fig. 3.2A).  The broadness of the main Pi 
resonance, and presence of a small additional alkaline peak, may indicate differential permeability to 




Figure 3.6.  Representative 31P-NMR spectra for long-term treatment of dechorionated embryos with 
CCCP.  Embryos were incubated for 30 h on ice in a sterile filtered solution of 0.25 mol L-1 NaCl and 20 
µmol L-1 CCCP, and 31P-NMR spectra were subsequently acquired during 1h of superfusion with CCCP 
under (A) aerobic conditions, (B) followed by anoxia. 
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resonance (Fig. 3.6B), although the broadness of the peak decreased.  Concurrently, the remaining NTP 
and NDP signals disappeared.  Based on the nature of this main Pi resonance, a key point to be made is 
that exposure to anoxia induced little additional acidification beyond that already caused by CCCP. 
 Recovery from the intracellular acidification induced by anoxia is just as rapid after 16.5 h of 
exposure as it is after 2 h.  Previous observations demonstrated that after 2 h of anoxia, pHi alkalinizes 
from 6.7 to 7.7 within the first 20 min of reoxygenation (Kwast et al., 1995).  The present study shows 
that after 16.5 h of anoxia the restoration of pHi to aerobic values also occurs within the first 20 min of 
reoxygenation, even though pH dropped to a low of 6.35 under anoxia (Fig. 3.7).  This rapid 
alkalinization of intracellular pH stands in contrast with the relatively lengthy time required for full 
acidification to pH 6.35. 
 
























Figure 3.7.  pHi status for dechorionated A. franciscana embryos during exposure to, and recovery from, 
16.5 h of anoxia.  pHi is plotted as a function of time for two Pi chemical shifts identified during early 
development for aseptically treated embryos superfused with 0.25 mol L-1 NaCl.  Solid circles indicate 
pH determined from main downfield (alkaline) Pi resonance and unfilled diamonds indicate the upfield 
(acidic) Pi resonance.  Period of anoxic treatment is indicated by a solid bar.  Treatment conditions used 










 In chapter 2 we demonstrated that dechorionated embryos of the brine shrimp, Artemia 
franciscana, are permeable to macrolide antibiotics such as bafilomycin, and that exposure to sub-
micromolar concentrations of this V-ATPase inhibitor arrests development of the anoxia-tolerant gastrula.  
The primary goals of the current study were to determine whether the effects of bafilomycin are linked to 
intracellular acidification via the dissipation of proton gradients normally maintained by the V-ATPase 
during aerobic development, and, if so, to determine whether such dissipation is involved in the 
acidification observed under anoxia.  For intact dechorionated embryos, we succeeded in demonstrating 
that (1) prolonged incubation with bafilomycin produces a moderate but reversible intracellular 
acidification, (2) exposure to bafilomycin does not affect the capacity for acidification under anoxia, (3) 
prolonged exposure to bafilomycin precludes recovery from acidification induced by anoxia, and (4) the 
lipid soluble protonophore CCCP also penetrates the embryonic cuticle, and produces an acidification 
similar to that occurring after 1 h of anoxia.  Together these data confirm the presence of functional V-
ATPase during the anoxia tolerant stage of development, provide direct evidence of the importance of this 
proton pump during recovery from anoxia, and suggest that global dissipation of proton gradients occurs 
during the first hour of exposure to anoxia. 
The 31P-NMR data presented here suggest that the sequestration of protons in compartment(s) 
with low Pi content is the major contributor to intracellular alkalinization during aerobic recovery from 
anoxia.  Following 1 h of anoxia in the presence of 4 µmol L-1 bafilomycin, NTP chemical shifts reappear 
less than 30 min after the restoration of oxygenated conditions. This is consistent with the restoration of 
oxidative phosphorylation.  During the same period, however, only a 0.3 unit alkalinization of pHi (6.6 – 
6.9) is observed in embryos sufficiently loaded with bafilomycin (Fig. 3.4).  Using these data, and 
assuming that buffering capacity is relatively constant between pH 6.7 and 7.7, one can estimate that 
oxidative phosphorylation and the resynthesis of ATP combined could only account for about 30% of the 
protons required for the full recovery of pHi after 1 h of anoxia.  This value is at the lower end of the 
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range estimated by Kwast et al (1995).  Their calculations suggest that oxidative phosphorylation, under 
acidic conditions known to inhibit carbohydrate metabolism in A. franciscana embryos, could account for 
13 – 45% of the proton consumption required to shift intracellular pH from the anoxic value of 6.7 to the 
aerobic value of 7.7, while the resynthesis of NTP equivalents could contribute another 13 – 27% over the 
same pH range. Our data contribute to this work by demonstrating that the V-ATPase is active at a pH ≤ 
6.9, and that proton pumping by this enzyme is responsible for a large fraction of the alkalinization 
occurring during aerobic recovery, following 1 h of anoxia. 
Recovery from intracellular acidification in A. franciscana embryos is more likely to involve 
sequestration of protons in intracellular compartments than secretion of protons across the plasma 
membrane.  While the V-ATPase has been observed to function in proton secretion in the gas gland cells 
of eel swimbladder when pHi is low (Sotz et al., 2002), this recovery mechanism would be less effective 
in A. franciscana embryos, because the extracellular compartment is spatially constrained by a cuticle and 
likely to have a buffering capacity equal to or less than the cytosol.  Thus, although it is possible that 
protons are extruded to the extracellular space during recovery from the intracellular acidification induced 
by anoxia, it seems more probable that alkalinization of pHi would involve the sequestration of protons 
within intracellular compartments.  These compartments would require an Pi content low enough relative 
to the cytosol to make their visualization with 31P-NMR difficult.  In this way the protons used to acidify 
the main intracellular compartment under anoxia would effectively be masked during recovery and 
aerobic development.  As mentioned earlier, compartments involved in this event could include 
lysosomes, transport vesicles, golgi apparatus, and yolk platelets.  It seems unlikely that such organelles 
would ‘hyper acidify’ at a time when metabolic processes are being restarted, because their functional 
capacity could be adversely affected.  It is more probable that they serve as proton reservoirs that are 
emptied upon exposure to anoxia, and refilled during aerobic recovery.  This would suggest that 
dissipation of proton gradients under anoxia contributes to the observed intracellular acidification. 
While incubation with bafilomycin did produce a slight acidification of the intracellular space 
under aerobic conditions, the transient nature of this acidification suggests that V-ATPase inhibition alone 
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is not enough to induce a rapid dissipation of proton gradients.  One might speculate that inactivation of 
proton pumping would be coordinated with the opening/activation of dissipative paths if proton gradients 
collapse under anoxia.  Opening of dissipative channels might be triggered directly by oxygen removal; 
mechanisms of oxygen sensing is an exciting area of current research in many organisms including A. 
franciscana embryos (Kwast and Hand, 1996a). 
Even if the aerobic embryos are able to maintain pHi in the absence of V-ATPase activity, 
inhibition of this enzyme is still likely to affect development given its broad functional repertoire.  Such is 
the case for Xenopus in which bafilomycin treatment appears to block both yolk platelet degradation and 
cellular differentiation (Fagotto and Maxfield, 1994a).  These results are consistent with our observations, 
which demonstrate that the development of brine shrimp embryos is arrested by incubation in low 
concentrations of bafilomycin (Covi and Hand, 2005), despite an ability to maintain pHi status for at least 
5 h during exposure to this inhibitor.  One potential explanation would be an inability to initiate the first 
round of lysosome mediated yolk degradation, which peaks at the start of emergence (Perona et al., 1988; 
Perona and Vallejo, 1989).  This theory is supported by the observation that both yolk degradation and 
development can be reversibly inhibited by incubation with lysosomotrophic agents (Perona et al., 1987). 
If the dissipation of proton gradients contributes to pHi acidification under anoxia, then the net 
ATP-hydrolysis—induced via uncoupling of oxidative phosphorylation—and direct proton gradient 
dissipation caused by exposure of aerobic embryos to CCCP should produce an intracellular pH similar to 
that observed in anoxic embryos.  In addition, exposure to anoxia after CCCP induced acidification 
should have little effect on the already acidic pHi.  These responses are in fact exactly what we observed 
in whole embryos incubated with this protonophore (Fig. 3.6).  Thus, it appears that global proton 
gradient dissipation occurs under anoxia.  Importantly, theoretical calculations suggest that this will have 
a large impact on intracellular pH (Covi and Hand, 2005).  We estimated that the dissipation of proton 
gradients across the membranes of golgi complex, endosomal and exocytotic vesicles, lysosomes, and 
yolk platelets in A. franciscana embryos could release enough protons to account for 50% of the 
acidification occurring during the first hour of exposure to anoxia. 
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There is a mismatch between the kinetics of acidification under anoxia and alkalinization upon 
reoxygenation, which is consistent with the involvement of proton gradient dissipation in the acidification 
event.  Under anoxia, intracellular pH declines approximately 0.8 units during the first 22.5 min of 
exposure (Busa et al., 1982; Kwast et al., 1995).  This rapid drop is followed by a slower phase of 
acidification during which pHi decreases another 0.2 units over a period of 30 min (57.5 min total anoxia 
exposure).  Busa et al (1982) observed that this slow phase of acidification continues overnight, 
eventually reaching a pH of 6.3 (≥ 1.4 unit total acidification).  Our results support this finding, as we 
observed a pH of 6.36 in embryos incubated for 16.5 h under anoxia, and 6.25 after 30 h of exposure.  
However, unlike the acidification occurring under anoxia, alkalinization of pHi during recovery is 
remarkably fast.  Kwast et al (1995) demonstrated that pHi is completely restored within the first 22.5 min 
of reoxygenation following 2 h of anoxia.  Our work extends this finding by demonstrating a 1.35 unit 
alkalinization during only 25 min of aerobic recovery following 16.5 h of anoxia (Fig. 3.7).  One potential 
explanation for the disparity in kinetics between the two transitions could be that proton gradient 
dissipation under anoxia is slow relative to the resequestration of protons by active transport during 
recovery. 
In conclusion, the data presented here demonstrate that the dissipation of proton gradients under 
anoxia helps to produce an intracellular acidification that is critical to the induction of quiescence in 
encysted embryos of the brine shrimp, Artemia franciscana.  Taking into account changes in the 
metabolic state of the embryo, we constructed a schematic model of the role played by proton chemical 
gradients during the induction of, and recovery from, anoxia induced quiescence (Fig. 3.8).  In this model, 
exposure to anoxia induces a drop in cellular ATP as oxidative phosphorylation is arrested.  Within the 
first 5 min of exposure to anoxia this leads to a cessation of proton transport by pumps like the V-
ATPase, and an activation of proton dissipative paths.  The combined result is a 1 unit drop in 
intracellular pH over approximately 1 h.  The return of oxidative phosphorylation upon reoxygenation of 
the embryos causes ATP levels to rise, which in turn activates the V-ATPase.  Proton pumping into 
intracellular compartment causes further alkalinization of pHi, which in turn helps to facilitate the 
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resumption of development and metabolic processes inhibited by low pH.  Importantly, this novel 
mechanism for regulated acidification/alkalinization of the intracellular space may represent a critical 
exaptation conferring extreme anoxia tolerance to this species.  Such an exaptation could answer the 
question of what sets the anoxia tolerance of Artemia apart from that of animals like goldfish and turtles, 






Figure 3.8.  Schematic representation for the role of proton concentration gradients in pHi shifts induced 
by transitions between anoxic and aerobic states in encysted embryos of the brine shrimp, A. franciscana.  
Plots were modified from Kwast et al. (1995), and the data were derived from 31P-NMR estimates of 







IN A. FRANCISCANA EMBRYOS: 






After only 48 h of anoxia, metabolic heat dissipation by A. franciscana embryos drops to 0.2% of 
the aerobic value (Hand, 1995), and a nearly ametabolic state is ultimately established (Clegg, 1997; 
Warner and Clegg, 2001).  One of the primary characteristics of metabolic suppression in this state is a 
reverse Pasteur effect.  Rather than defend cellular adenylate status by upregulating substrate level 
oxidation under anoxia, these embryos allow a net hydrolysis of ATP to occur (Stocco et al., 1972; Busa 
et al., 1982; Carpenter and Hand, 1986a).  Within the first 24 h of anoxia, ATP levels drop by 95% while 
AMP levels increase to nearly 40 times the aerobic value (Anchordoguy and Hand, 1994).  This absence 
of a defense of cellular adenylate status during suppression of oxidative energy production poses obvious 
constraints on energy (ATP) consuming processes, such as the maintenance of transmembrane ion 
gradients.  In such an energetically depressed context, ATP-dependent proton pumping by the V-ATPase 
is likely to be downregulated (Covi et al., 2005).  We previously demonstrated that V-ATPase inhibition 
with bafilomycin A1 halts embryonic development under aerobic conditions (Covi and Hand, 2005) 
without affecting intracellular pH or cellular NTP levels (Covi et al., 2005).  Here we employ a 
combination of respirometry, 31P-NMR, and hatching studies to estimate the energetic savings that would 
be realized if proton gradients were not defended under anoxia via continued activity of this proton pump. 
As a mechanism for maintaining ion gradients during periods of severe energetic constraint 
imposed by anoxia, facultative anaerobes appear to coordinate a reduction in ATP-dependent ion 
pumping with a depression of dissipative pathways for ion gradients.  For example, hepatocytes of the 
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western painted turtle demonstrate a 74% decrease in activity of the Na+K+-ATPase under anoxia while 
membrane potential is maintained through what appears to be an arrest of ion channels (Buck and 
Hochachka, 1993).  Under aerobic conditions, the maintenance of Na+ and K+ gradients in these cells 
requires 28% of total ATP turnover (Buck and Hochachka, 1993), and a reduction in the magnitude of 
this energy sink is a large contributor to the ~90% drop in total ATP turnover (Buck et al., 1993) observed 
in response to anoxia.  Given the extreme energetic constraints present in Artemia embryo under anoxia, 
one might predict that ATP-dependent ion pumping would cease entirely, and that complete channel 
arrest would be required if ion gradients are to be defended (Hand and Hardewig, 1996). 
Importantly, Na+K+-ATPase activity is undetectable for the first 6 h of development and 
extremely low for the remainder of preemergence development in encysted Artemia embryos (Peterson et 
al., 1978; Peterson et al., 1982).  This raises the question of how the plasma membrane is energized 
during this period.  One possibility is that energization is accomplished using a protonmotive force (pmf) 
generated by the V-ATPase, which is well known for its role in the energization of specialized plasma 
membranes in animals (Harvey and Wieczorek, 1997; Nelson and Harvey, 1999).  If so, the V-ATPase 
should be found in both the plasma membrane and the membranes of intracellular compartments, where it 
plays a constitutive role in compartment acidification.  In accord with such a distribution, we 
demonstrated expression of the V-ATPase in both heavy membranes (plasma membrane and large 
organellar fragments) and microsomal vesicles (small intact vesicles for intracellular transport) during the 
period of development when Na+K+-ATPase activity is undetectable (Covi and Hand, 2005).   
If the V-ATPase acts both in the constitutive acidification of organelles (golgi, lysosomes, 
trafficking vesicles, and yolk platelets) and in plasma membrane energization, it is reasonable to predict 
that it would contribute significantly to cellular ATP turnover, because it would be the main ion motive 
ATPase within the encysted gastrula.  Estimates derived from bafilomycin-sensitive respiration and 
NADH turnover suggest that the metabolic cost of proton transport in renal proximal tubules can vary 
greatly (5 – 44% of total cellular energy turnover) among species (Noel et al., 1993; Fleser et al., 1995).  
The fact that these estimates come from proton-secretory systems, which are expected to have high levels 
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of V-ATPase activity, might suggest that similar estimates for A. franciscana embryos would fall toward 
the lower end of this range.  However, it has also been noted that species demonstrating lower ATP 
turnover resulting from V-ATPase activity also show increased ATP turnover resulting from Na+K+-
ATPase activity (Noel et al., 1993).  Thus, because of the conspicuously low Na+K+-ATPase activity of 
the preemergent embryo, it is reasonable to predict that ATP turnover due to V-ATPase activity might be 
higher than expected for a non-secretory undifferentiated cell mass.  Here we use bafilomycin-sensitive 
respiration to estimate the contribution of V-ATPase activity to the total energy budget of A. franciscana 
embryos.  Importantly, the apparently high levels of ATP consumption attributable to V-ATPase activity 






 Instant Ocean was obtained from Aquarium Systems (Eastlake, OH).  Oligomycin and 
gentamycin sulfate were purchased from Sigma (St. Louis, MO).  Bafilomycin A1 (hereafter referred to as 
bafilomycin) was either obtained from AG Scientific (San Diego, CA) or LC Laboratories (Woburn, 
MA).  Both oligomycin and bafilomycin A1 were dissolved in 100% ethanol, and the stock solutions were 
stored at -20 °C.  Low endotoxin sucrose for respirometry experiments was obtained from Pfanstiehl 
(Waukegan, IL).  All other chemicals used were of the highest grade available. 
 
Animals 
Encysted embryos of the brine shrimp Artemia franciscana (Great Salt Lake population) were 
obtained in the dehydrated state from Sanders Brine Shrimp Co. (Ogden, Utah) in 2001 and stored dry at -
20 °C.  These post-diapause embryos were hydrated overnight at 0 °C in 0.25 mol L-1 NaCl prior to 
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dechorionation, which was performed as previously described (Kwast and Hand, 1993).  Both 
dechorionated and non-dechorionated embryos were stored for no more than 3 days in ice cold 0.125 mol 
L-1 NaCl prior to experimentation.  All solutions were prepared less than 24 h prior to use, and the length 
of incubation time in antiformin (0.4 mol L-1  NaOH, 60 mmol L-1 Na2CO3, and household bleach added 




 Unless otherwise noted, respiration experiments were conducted in 0.2 mol L-1 sucrose.  
Respiration medium was sterile filtered prior to use, and oxygen consumption due to any bacterial 
contamination was limited by the inclusion of 50 µg ml-1 gentamycin sulfate.  Importantly, hatching 
success for embryos incubated for 67-72 h in 35 ppt artificial sea water containing 50 µg ml-1 gentamycin 
sulfate was not significantly different from control incubations lacking the inhibitor, regardless of whether 
or not the cyst chorion was removed (Fig. 4.1).  The final ethanol concentration was 0.5% for all 
treatments involving whole embryos.  Higher concentrations of ethanol were avoided because they 
promoted an erratic response from the oxygen electrode. 
 Immediately prior to respiration experiments, embryos were blotted dry, weighed in 1.5 ml 
Eppendorf tubes (2 – 3 mg; approximately 230 – 350 embryos), and resuspended respiration medium 
within 4 – 6 min of blotting.  Alternatively, an aliquot of embryos was simply transferred to the 
respiration medium without blotting dry and the embryos counted at the end of the experiment.  In the 
later case, the number of embryos was converted to mass using an empirically determined factor (118 ± 2 
embryos per mg wet weight after blotting dry; mean ± SEM, n = 6).  Oxygen consumption was measured 
under room lighting in a water jacketed respiration chamber (Strathkelvin Instruments model RC350; 
Glasgow, Scotland) maintained at 25 °C.  Oxygen tension was measured in 1.5 ml of medium using a 
polarographic oxygen electrode (Strathkelvin model 1302), and data were collected with DataCan V 
acquisition software from Sable Systems (Las Vegas, NM).  Raw data were analyzed with DatGraf 
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software from Cyclobios (Innsbruck, Austria).  Oxygen consumption by the electrodes, back diffusion 
into the system, and electrode time constants were corrected for as previously described (Kwast et al., 























Figure 4.1.  Hatching success of encysted embryos incubated in the presence or absence of 50µg ml-1 
gentamycin sulfate.  Hatching success is defined as the percentage of individuals reaching the swimming 
naupliar stage of development after 72 h of incubation.  No significant difference was found between 
control and gentamycin treatments (P > 0.37, n = 4). 
 
 
Oxygen consumption by whole embryos was measured using two methods, for which the critical 
difference is stirring regime.  In the first method, oxygen consumption was recorded continuously for 6.5 
h with gentle stirring using embryos that were weighed out prior to placement in respiration medium, and 
the electrode was raised at regular predetermined intervals to introduce an air pocket for gas exchange.  In 
this way CO2 accumulation was limited, and oxygen tension was prevented from dropping below 65% air 
saturation.  In the second method, embryos were pre-incubated in the respiration chamber without stirring 
for 6.5 h, after which oxygen consumption was measured for a 12 – 15 min period with gentle stirring.  
To reproduce the conditions of previous hatching studies (Covi and Hand, 2005), embryos used in the 
later method (pre-incubation period without stirring) were counted at the end of the experiment rather 
than blotting dry and weighing prior to respiration measurement.  While neither method of respiration 
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measurement resulted in detectable lysis or homogenization of embryos, it should be noted that prolonged 
stirring appears to increase permeability and decrease hatching success of embryos (cf. Chapter 4 results). 
 Established protocols were used for mitochondrial isolation (Kwast and Hand, 1993) and 
respiration measurements (Eads and Hand, 1999).  Measurements of oxygen consumption on isolated 
mitochondria were made using an Oxygraph-2k high-resolution respirometer (Oroboros Instruments; 
Innsbruck, Austria).  Bafilomycin was added to the mitochondrial suspension 5 minutes prior to the 
initiation of state 3 respiration with the addition of ADP.  The final concentration of ethanol was 0.1% for 
bafilomycin treatments.  The respiratory control ratio for mitochondria isolated from brine shrimp 
embryos (5.31 ± 1.2; mean ± SEM, n = 10) demonstrated a high degree of ADP-stimulated respiration. 
 
Hatching assays 
Development was observed for embryos used in select respirometry experiments.  Inhibitors and 
ethanol were removed from the incubation medium after respirometric measurement, but prior to 
incubation for hatching.  To accomplish this, embryos were resuspended in 3 ml of 35 ppt artificial 
seawater 3 times at 22 – 23 ºC, and this was followed by a fourth wash in 7 ml.   Embryos and seawater 
from the final wash were transferred to a 12 well plate, and counting of developmental stages was 
conducted after 66 – 69 h of additional incubation.  This period was sufficient to allow for completion of 
hatching, because no further development was observed in individuals that did not reach the naupliar 
stage by hour 66.  Identification of developmental stages used the same criteria described by Conte et al. 
(1977).  Counts of the emergences stages (E1 and E2) were combined into a group termed “emerging”.  
This group also included individuals that exhibited morphologies associated with emergence defects 
noted by Trotman (1991).  Development beyond the encysted stage was defined as any embryo that began 
the emergence process, regardless of whether or not emergence and subsequent hatching were successful. 





31P-NMR spectroscopy was conducted as described by Covi et al (2005).  In brief, embryos were 
packed by gravity into a 10 mm glass NMR tube.  Movement was prevented by placing a foam plug at the 
top of the embryo column, and embryos were superfused from the bottom of the tube with 0.2 mol L-1 
sucrose.  Aerobic conditions were maintained with the use of oxygen saturated medium and a flow rate of 
2 ml min-1.  As discussed by Kwast et al (1995) the use of oxygen saturated medium has no noticeable 
affect on embryonic development.  Perfusion was stopped for less than 10 seconds while switching from 
perfusion with 0.2 mol L-1 sucrose to 0.2 mol L-1 sucrose containing either 0.2% ethanol (control) or 4 
µmol L-1 bafilomycin dissolved in ethanol.   Peak identification was accomplished by comparison with 
published spectra (Busa et al., 1982; Kwast et al., 1995). 
 
Statistical analysis 
All data are presented as means ± one SEM when error bars are present, and the number of 
independent embryo preparations used in replicates is indicated for each experiment.  Student’s t test for 
paired values was used for comparisons between control and experimental groups.  Statistical significance 




Exposure of whole embryos to oligomycin 
As a test to determine whether or not the dechorionation procedure served to permeabilize A. 
franciscana embryos to lipid-soluble drugs, we used an inhibitor with a predictable and measurable 
physiological effect (oligomycin; respiratory inhibition).  An increase in oxygen consumption was 
observed for dechorionated control embryos during the first 2.25 h after placement in respiration medium.  
For dechorionated embryos, this increase was also evident for the first 30 min of incubation with the F-
ATPase inhibitor, oligomycin.  Subsequently, these embryos experienced a progressive and concentration 
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dependent decrease in oxygen consumption resulting from oligomycin exposure (Fig. 4.2).  After 2.25 h 
of exposure, the highest concentration of oligomycin tested (4 µmol L-1) reduced the oxygen consumption 
rate of intact embryos by 77% relative to the control.  However, when non-dechorionated embryos were 
incubated in the same concentration of oligomycin, the pattern of oxygen consumption was identical to 
that of dechorionated control embryos (Fig. 4.2).  These respiration data are consistent with previous 
developmental studies, which demonstrated a concentration dependent decrease in hatching success for 
dechorionated embryos incubated with oligomycin (Covi and Hand, 2005).  Indeed, hatching studies 
carried out on embryos after respirometric measurements were made also show a concentration dependent 
arrest of development in the embryonic stage (Fig. 4.2; %E).  Unlike the case for longer respiration 
experiments (see below), this effect does not appear to be related to the use of continuous stirring during 
the 2.25 h of respiration measurement, because 80% of control embryos hatched successfully after 
removal from the respiration chamber.  Together these data make clear that removal of the outer 
proteinaceous layer of the encapsulating cyst shell (dechorionation) confers permeability of the 
embryonic cuticle to lipid-soluble drugs, by demonstrating depression of both whole embryo respiration 
and hatching success with oligomycin. 
It is important to note that just as we found for the plecomacrolide antibiotic, bafilomycin, 
reversal of the inhibitory effects of oligomycin is not possible, because it is exceedingly difficult to 
remove this compound from A. franciscana embryos (unpublished observations).  As has been discussed 
previously (Covi et al., 2005), this could be the result of strong binding between inhibitor and enzyme or 
a product of slow diffusion out of the lipid-rich cell mass of these embryos. 
 
Exposure of whole embryos to bafilomycin 
The addition of bafilomycin to the respiration medium after 2.75 h of incubation induced a 
concentration dependent decrease in oxygen consumption relative to the control group for dechorionated 
embryos (Fig. 4.3A).  This decrease was very rapid even at concentrations as low as 0.1 µmol L-1.   
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Figure 4.2.  Concentration dependence for, and effect of dechorionation on, inhibition of oxygen 
consumption by oligomycin in intact A. franciscana embryos.  Dechorionated embryos were incubated in 
(control; ♦) 0, (■) 1, (+) 2, or (●) 4 µmol L-1 oligomycin beginning at hour 0.  Non-dechorionated 
embryos were incubated 0 (◊) or 4 (○) µmol L-1 oligomycin.  For dechorionated embryos treated with 
oligomycin, the number of embryos developing beyond the encysted stage after respiration measurement 
(%E) is expressed as a percentage of the dechorionated control. 
 
 
Maximal effect was reached with 0.5 µmol L-1 bafilomycin, which produced a steady decline in 
oxygen consumption matching that of the 10 µmol L-1 (saturated) treatment.  After 3.75 h of exposure to 
0.5 µmol L-1 bafilomycin, oxygen consumption by whole embryos had dropped to 24 ± 6% (mean ± 
SEM, n = 3) of the control value and was still declining.  
Exposure of dechorionated embryos to bafilomycin beginning at hour 0 during respiration 
measurements (Fig. 4.3B) predictably led to a similar pattern of respiratory inhibition.  Also, as was 
observed for embryos incubated with the F-ATPase inhibitor, oligomycin, incubation with 10 µmol L-1 
bafilomycin (saturated) has no effect on oxygen consumption by whole embryos if the chorion is not 
removed prior to exposure (Fig. 4.3B), which provides further evidence that the chorion is the sole barrier 
to lipid-soluble drugs. 
The large decrease in oxygen consumption induced by sub-micromolar concentrations of 
bafilomycin was unexpected, because concentrations ≥ 2 µmol L-1 are required to arrest development in  
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Figure 4.3.  Concentration dependence for inhibition of oxygen consumption by bafilomycin in A. 
franciscana embryos exposed to continuous stirring.  The presence of bafilomycin is indicated by a black 
bar.  In panel A, (control; ◊) 0, (+) 0.1, (∆) 0.5, or (●) 10 µmol L-1 bafilomycin was added 2.75 h after 
resuspension of dechorionated embryos in respiration medium.  In panel B, dechorionated embryos were 
resuspended directly in medium containing (∆) 0.5 or (●) 10 µmol L-1 bafilomycin, and non-
dechorionated control embryos were resuspended in (♦) 0 or (□) 10 µmol L-1 bafilomycin.  Data represent 
single measurements when error bars are absent. 
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Figure 4.4.  (A) Effect of static ‘pre-incubation’ with 1 µmol L-1 bafilomycin on oxygen consumption by 
A. franciscana embryos.  (B) Developmental success in inhibitor free medium after respiration 
measurement.  Embryos were incubated in 35 ppt artificial seawater for 6.5 h without stirring prior to 
recording oxygen consumption in the same medium.  Bafilomycin (1 µmol L-1; treatment group) or 
ethanol (control) was added at hour 2.75.  An asterix indicates a significant difference from control 




greater than 50% of dechorionated embryos (Covi and Hand, 2005).  An important distinction between 
these studies, however, is that embryos were incubated under static conditions for hatching, while 
respiration measurements were conducted in the presence of continuous mechanical agitation with a very 
small glass-coated stir bar.  The increased sensitivity to bafilomycin observed in respiration experiments 
may be the result of mechanical perturbation of the embryonic cuticle by stirring.  This possibility is 
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supported by hatching studies performed on embryos after exposure to 6.5 h of gentle stirring in 0.2 mol 
L-1 sucrose.  Even though oxygen consumption by control embryos does not decrease during this 
treatment, 35 ± 2% (mean ± SEM, n = 3) of these embryos failed to initiate emergence after transfer to 
static artificial seawater (35 ppt), and only 50 ± 10% hatched successfully.  By contrast, average hatching 
rates are > 93% when dechorionated embryos are incubated under static conditions (Covi and Hand, 
2005).  These hatching rates suggest a problem with prolonged stirring.  However, because there is no 
evidence for physical disruption of the embryos, we can only speculate that it relates to a non-specific 
increase in permeability of the cuticle. 
To control for the effect of stirring, respiration rate was briefly measured after a 6.5 h pre-
incubation in the absence of stirring (Fig. 4.4A).  Importantly, only 12 ± 1% (mean ± SEM, n = 3) of 
control embryos stopped developing in the encysted stage as a result of this treatment (Fig. 4.4B).  When 
compared to the 7 ± 3% (mean ± SEM, n = 5) of embryos that fail to develop when exposed to no stirring 
at all (Covi and Hand, 2005), it appears that this treatment did not adversely affect embryonic 
development.  This method also appears to allow sufficient loading of bafilomycin to significantly inhibit 
V-ATPase activity in the majority of embryos, because exposure to 1 µmol L-1 bafilomycin for 3.75 h 
prior to hatching in inhibitor free medium caused 64 ± 4% (mean ± SEM, n = 3) of embryos to arrest in 
the encysted stage.  In addition, the motility of nauplii hatching from bafilomycin treated embryos was 
much slower than in control nauplii despite the absence of inhibitor in the hatching medium.  This shows 
that all embryos were permeated by bafilomycin to some extent, but V-ATPase activity was not 
necessarily completely inhibited.  Importantly, at the end of the 3.75 h treatment, oxygen consumption by 
bafilomycin treated embryos decreased by 31 ± 9% (mean ± SEM, n = 3) relative to the control (Fig. 
4.4A), which is significantly less than that observed with prolonged stirring (Fig. 4.3A, B; P = 0.008).  
Using the bafilomycin-sensitive oxygen consumption measured in the “non-stirring” experiment, and 
assuming a P:O ratio of 2 (Gnaiger et al., 2000), ATP turnover resulting from VATPase proton pumping 
can be calculated as 1.12 ± 0.23 pmol ATP s-1 mg embryo-1. 
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To determine whether or not the effect of bafilomycin is the result of a direct influence on 
mitochondrial function, we examined the sensitivity of isolated mitochondria to bafilomycin.  Incubation 
with 0.5 µmol L-1 bafilomycin produced no significant decline in state 3 oxygen consumption relative to 
the control (Fig. 4.5).  This result confirms that the bafilomycin-sensitive oxygen consumption observed 

























Figure 4.5.  Oxygen consumption by isolated mitochondria from 8 h embryos of the brine shrimp, A. 
franciscana.  No significant difference was found between control and 0.5 µmol L-1 bafilomycin 
treatments (P = 0.08, n = 3). 
 
 
31P-NMR results show that the NTP and NDP resonances increase throughout early development 
under the conditions used (see Fig. 4.6 for selected spectra).  This increase is consistent with the results of 
Carpenter and Hand (1986a) who show that ATP levels rise by 2 fold over the first 4 h of development.   
Exposure to 4 µmol L-1 bafilomycin or 0.5% ethanol (control) for 3.75 h did not interrupt the predicted 
ontogenetic increase of NTP (Fig. 4.6), which is observed during superfusion in the absence of ethanol or 
bafilomycin (unpublished observations).  These data offer some support for the finding that bafilomycin 
does not have a direct effect on respiration of isolated mitochondria.  The continued increase in NTP 
during superfusion also suggests that the decreased oxygen consumption observed in embryos exposed to 
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bafilomycin can be directly attributed to the effects V-ATPase inhibition rather than heterogeneous 






Figure 4.6.  Representative 31P-NMR spectra of intact A. franciscana embryos during (A) aerobic 
superfusion for 1.5 h with 0.2 mmol L-1 sucrose, followed by (B) an additional 3.75 h after switching 
superfusion to 0.2 mmol L-1 sucrose containing 0.5% ethanol (control) or 4 µmol L-1 bafilomycin.  Total 
time of aerobic superfusion is listed in the upper left of each spectrum, and treatment is listed in the upper 
right.  Predominant chemical shifts for phosphate nuclei are identified by letters: (a) phosphomonoesters, 
(b) Pi, (c) γ-NTP and β-NDP, (d) α-NTP and NDP, and (e) β-NTP. 
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It is of interest to note that hatching tests conducted on embryos used in 31P-NMR measurements 
suggest that development is arrested by bafilomycin treatment without short-term net effects on NTP 
balance.  A hatching test performed on the embryos superfused with 4 µmol L-1 bafilomycin during 31P-
NMR demonstrates that 30% of these embryos stop developing in the encysted stage (data not shown), 
despite the presence of normal NTP levels after 3.75 h of superfusion (Fig. 4.6B).  Similarly, in a 
previous study, we showed that incubation for 24 h in 4 µmol L-1 bafilomycin produced no noticeable 
decrease in NTP levels during at least 3 h of subsequent aerobic incubation (Covi et al., 2005), despite the 
fact that up to 84% of these embryos arrested in the encysted stage when placed in inhibitor free 35 ppt 
artificial seawater after 31P-NMR measurement (unpublished observations).  In contrast with these two 
examples, only 6% of control embryos from the present study arrested in the encysted stage after 31P-
NMR measurement.  Thus, it appears that bafilomycin treatment arrests development without affecting 




The primary goals of this study were to evaluate the metabolic impact of V-ATPase inhibition in 
encysted embryos of the brine shrimp, A. franciscana, and examine the functional role(s) of proton 
pumping by this enzyme during early development.  We demonstrated that (1) cuticular permeability to 
oligomycin is sufficiently high to demonstrate inhibition of respiration in dechorionated embryos within 
the first hour of incubation, (2) the arrest of embryonic development induced by bafilomycin appears to 
occur in the presence of high NTP levels, (3) ATP-dependent proton pumping by the V-ATPase and ATP 
consuming processes immediately dependent on V-ATPase activity constitute at least 31 ± 9% of the 
aerobic energy budget of the preemergent embryo.  Downregulation of ion pumping by such a costly 
transporter would be required for concordance with the extreme decrease in energy flow observed under 
anoxia (Hand and Hardewig, 1996).  In addition, inhibition of V-ATPase activity with bafilomycin 
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appears to arrest development of the anoxia-tolerant embryo without affecting energy producing pathways 
or viability for a period of hours. 
 Nearly a third of ATP turnover in the encysted embryos appears to be either the direct result of, 
or immediately dependent on, V-ATPase activity.  Under conditions that do not adversely influence 
viability in controls, incubation of dechorionated embryos with a highly specific inhibitor of the V-
ATPase (bafilomycin A1) induced a 31% drop in oxygen consumption (Fig. 4.4A) without affecting 
purine di- and triphophate nucleotide levels (Fig. 4.6; NTP and NDP) or intracellular pH (Covi et al., 
2005).  When combined with an apparent lack of bafilomycin-sensitive respiration in isolated 
mitochondria, these data suggest that the drop in oxygen consumption is the result of reduced energetic 
demands resulting from V-ATPase inhibition.  Because metabolism in these embryos is fully aerobic 
under normoxia (Hand and Gnaiger, 1988), it is likely that ATP turnover also decreases by 31% during 
3.75 h of incubation with bafilomycin.  This drop in cellular energy utilization is likely to be the product 
of the direct inhibition of ATP consumption by the V-ATPase and, potentially, inhibition of secondary 
processes immediately dependent on V-ATPase function.  Given that these gastrula stage embryos are 
comprised largely of undifferentiated cells (Hofmann and Hand, 1990b), these processes would most 
likely be restricted to constitutive cell functions like protein trafficking.  Also, the maintenance of 
intracellular pH and NTP levels during at least 3.75 h of bafilomycin exposure suggests that energy 
producing pathways are unaffected by this treatment. 
It is appropriate to note that while the acidification of intracellular organelles is likely to play a 
critical role for the V-ATPase in A. franciscana embryos, this enzyme could also serve to energize the 
plasma membranes during early preemergence development.  While the Na+K+-ATPase is almost 
ubiquitously employed for the energization of plasma membranes in animal cells, it is conspicuously 
absent from encysted A. franciscana embryos.  Biochemical analyses show no measurable Na+K+-ATPase 
activity whatsoever until hour 6 of aerobic development (Fisher et al., 1986a), and activity is exceedingly 
low between hour 6 and hatching (Peterson et al., 1978).  It may be that the V-ATPase is the ion transport 
system that functions to energize embryonic membranes prior to expression of the Na+K+-ATPase, which 
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is observed later in larval stages.  Certainly, during preemergence development, the V-ATPase could 
serve in both the energization of plasma membranes and the acidification of intracellular compartments.  
Such a dual function could explain why the ATP-dependent activity of this proton-pump appears to 
represent such a substantial fraction of total cellular ATP turnover in the encysted embryo. 
In support of this argument, approximately 10 – 16% of total cellular ATP turnover results from a 
combination of V-ATPase (acidification of organelles) and Na+K+-ATPase (energization of the plasma 
membrane) activity in the non-excitable cells of mammalian vascular endothelium (Gruwel et al., 1995; 
Culic et al., 1997).  In the isolated body wall musculature of Sipunculus nudus (marine invertebrate), 
these two ion pumps are responsible for almost 36 – 40% of total cellular ATP turnover.  The combined 
activity of these two pumps can even consume close to 80% of the cellular energy budget in mammalian 
proximal tubules, where it has been noted that the inhibition of Na+K+-ATPase with ouabain increases the 
amount of ATP turnover inhibited by bafilomycin (Noel et al., 1993; Fleser et al., 1995).  Thus, our 
estimate that V-ATPase activity accounts for 31% of total ATP turnover in A. franciscana embryos fits 
with a model whereby this enzyme functions in both membrane energization and the acidification of 
intracellular organelles. 
 While the concentrations of bafilomycin required to produce a strong physiological response in A. 
franciscana embryos were very similar in hatching (Covi and Hand, 2005) and 31P-NMR studies (Covi et 
al., 2005), we have observed that much lower concentrations are required to produce a notable response in 
respirometry experiments.   Exposure of dechorionated embryos to bafilomycin induced a rapid and 
concentration dependent decrease in oxygen consumption, the rate of which was maximal at an inhibitor 
concentration of only 0.5 µmol L-1 (Fig. 4.3).  This result was highly unexpected, because 0.5 µmol L-1 is 
one eighth of the concentration required to halt embryonic development (Covi and Hand, 2005) or 
preclude recovery from an intracellular acidification induced by anoxia (Covi and Hand, 2005) after 
prolonged incubation with the inhibitor.  The critical difference being that treatment during these two 
experiments did not require mechanical agitation with a stir bar while respiration measurement did.  A 
nonspecific increase in cuticular permeability caused by mechanical perturbation (stirring) could explain 
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the elevated sensitivity to this inhibitor, which is observed in respirometry experiments that employed 
prolonged stirring.  This is supported by the observation that bafilomycin-sensitive oxygen consumption 
was much lower in embryos exposed to very little stirring (Fig. 4.4A). 
The data presented here demonstrate that after > 5 h of incubation with 4 µmol L-1 bafilomycin, 
NTP levels remain high (Fig. 4.6B), and we have observed this to also be the case after > 6.5 h of 
exposure as well (unpublished observations).  Along with an unaltered pHi status (Covi et al., 2005), this 
indicates that embryos are viable across these time periods.  However, because emergence, which should 
start by 8 h of development at 22 – 24 ºC, does not occur after such exposures (Covi and Hand, 2005), it 
is clear that a developmental arrest exists. 
We propose that inhibition of yolk degradation by bafilomycin may preclude a progression of 
developmental events required for emergence, thereby delaying embryonic development.  Degradation of 
yolk (25% during preemergence; Utterback and Hand, 1987) provides more than a simple supply of 
energy and molecular building blocks in encysted Artemia embryos (Slegers, 1991).  It is also involved in 
the programmed release of hydrolytic enzymes, substances implicated in the onset of protein synthesis, 
and perhaps even immature mitochondria (Slegers, 1991).  Thus, yolk platelet degradation may play a 
role in determining the sequence of events involved in preemergence development (Drinkwater and 
Clegg, 1991).  Lysosomal mediated degradation of yolk platelets peaks for the first time at emergence 
(Perona and Vallejo, 1989), and inhibition of lysosomal acidification by the V-ATPase may disable both 
this degradation and the sequence of events dependent upon it.  In support of this suggestion, blockage of 
yolk utilization by bafilomycin treatment caused an inhibition of cellular differentiation in isolated cells 
from Xenopus laevis embryos (Fagotto and Maxfield, 1994a). 
In conclusion, respiration data for intact embryos show that inhibition of proton pumping by the 
V-ATPase significantly reduces oxygen consumption, while 31P-NMR of whole embryos and respiration 
assays on isolated mitochondria demonstrate that energy producing pathways continue to function in the 
absence of V-ATPase activity.  Together these data suggest that the lowered oxygen consumption in 
whole embryos treated with bafilomycin is caused by decreased energy utilization by the V-ATPase and, 
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potentially, processes immediately dependent on V-ATPase proton pumping.  Our estimate suggests that 
these processes account at least 31% of the energy budget of the encysted embryo.  The magnitude of this 
metabolic cost requires that V-ATPase activity be downregulated under anoxia in order to attain the level 




SUMMARY AND FUTURE DIRECTIONS 
 
The results of this study indicate a requirement for proton pumping by the V-ATPase during 
recovery from anoxia induced acidification of the intracellular space, and suggest that proton 
concentration gradients are dissipated under anoxia.  The data presented demonstrate the presence of an 
active proton pump (V-ATPase) during the anoxia tolerant period of development.  Inhibition of this 
ATP-dependent transporter demonstrates that alkalinization of the intracellular space during recovery 
from anoxia requires proton pumping.  In addition, the non-specific dissipation of proton gradients with 
the protonophore, CCCP, leads to an intracellular acidification under aerobic conditions that is similar to 
the acidification observed after 1 h of anoxia.  Interestingly, while inhibition of the V-ATPase alone is not 
enough to induce intracellular acidification, it does produce a developmental arrest without appearing to 
affect energy producing metabolic pathways.  Together these data demonstrate the presence of a proton 
pumping system in the anoxia tolerant gastrula of A. franciscana, and examination of bafilomycin-
dependent respiration suggests that the activity of this pump must be downregulated under anoxia.  
Subsequent dissipation of these gradients under anoxia is likely.  Importantly, our calculations suggest 
that, when combined with net ATP degradation, the resulting net flux of protons from acidic 
compartments into the surrounding cytoplasm could fully account for the acidification observed under 
anoxia. 
 Perhaps the most insightful observation to be drawn from this study is that the alkalinization of 
intracellular pH during recovery from anoxia requires a V-ATPase mediated sequestration of protons in 
membrane bound compartments.  The presence of a proton impermeable shell surrounding the embryo 
(Busa et al., 1982) necessitates that these protons be sequestered rather than secreted to the environment.  
One potential site of sequestration might be the extracellular space.  Alternatively, intracellular 
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compartments such as golgi complex, lysosomes, transport vesicles, or yolk platelets may be employed in 
this capacity.  If these compartments are used as proton sequestration sites during aerobic recovery, it 
seems unlikely that they would be acidified beyond their aerobic pH set points, because this would 
presumably impair such processes as protein trafficking and lysosomal protein degradation during 
recovery from potentially prolonged periods of metabolic arrest.  Thus, in order for these compartments to 
function in a storage capacity during recovery from anoxia, it seems probable that they would have been 
emptied of acidifying equivalents under anoxia.  Because the restoration of intracellular pH after only 1 h 
of anoxia requires this proton sequestration, it appears that proton gradients are dissipated to some extent 
within the first hour of anoxic exposure. 
The observation of intracellular pH with 31P-NMR in the presence of the nonspecific 
protonophore, CCCP, offers some support for the above inference regarding proton gradient dissipation 
under anoxia in A. franciscana embryos.  Given that CCCP causes cellular ATP levels to drop by 
inhibiting mitochondrial function, this experiment provides an estimate of the intracellular acidification 
resulting from two acidic contributions to the cytoplasmic compartment: (a) net hydrolysis of ATP and 
the moderate acidification expected to result from this hydrolysis (previously established to occur under 
anoxia) and (b) dissipation of all cellular proton gradients.  Interestingly, treatment with CCCP produced 
an acidification of intracellular pH similar to that observed after exposure to 1 h of anoxia.  Our 
calculations indicate that the dissipation of proton gradients in these embryos would significantly acidify 
the intracellular space.  Thus, if these gradients were not normally dissipated under anoxia, exposure to 
anoxia in the presence of CCCP should produce an acidification greater than that observed in anoxic 
embryos without the protonophore.  However, exposure of embryos to 1 h anoxia in the presence of 
CCCP produced an acidic pH equivalent to that observed after 1 h of anoxia in the absence of this 
protonophore.  These data support a role for proton gradient dissipation in the acidification of the 
intracellular space in anoxic embryos of the brine shrimp, A. franciscana. 
It is of interest to note that inhibition of V-ATPase activity alone with bafilomycin A1 was 
insufficient to induce intracellular acidification under aerobic conditions.  Thus, it appears that a 
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coordinated activation of proton leak pathways would be required to mediate a rapid dissipation of these 
transmembrane gradients under anoxia.  Opening of dissipative channels might be triggered directly by 
oxygen removal.  If present this regulated channel opening would essentially be the opposite of channel 
arrest, which functions to maintain ion gradients during periods of limited energetic resources (Buck and 
Hochachka, 1993).  Such an event could represent a critical exaptation for anoxia tolerance in these 
embryos.  However, it is also possible that the major proton storage sites in the aerobic embryo can be 
maintained under aerobic conditions by the activity of another proton transport system.  A proton 
pumping pyrophosphatase (H-PPase) has recently been found to work side-by-side with the V-ATPase in 
the yolk platelets of R. prolixus, and inhibition of the V-ATPase with bafilomycin does not induce 
alkalinization of yolk platelets from this insect as long as pyrophosphate is available (Motta et al., 2004).   
It is plausible that the yolk platelets are the primary source of protons for acidification of the intracellular 
space and that a H-PPase is capable of maintaining the proton gradient in the absence of V-ATPase 
function.  One might also speculate that inactivation of both proton pumps would be coordinated with the 
opening/activation of dissipative paths if proton gradients collapse under anoxia, and that this process 
would be reversed during recovery from anoxia.  Interestingly, reassembly of the V-ATPase of yeast is 
promoted under acidic conditions (Parra and Kane, 1996).  However, because recovery of intracellular pH 
is precluded by the inhibition of V-ATPase activity alone, inactivation of the H-PPase by low intracellular 
pH would be required to explain this lack of recovery.  Characterization of the proton pumping 
transporters and leak pathways in isolated lysosomes and yolk platelets of these anoxia tolerant embryos 
could contribute significantly to our understanding of the fate of transmembrane proton gradients under 
anoxia. 
As is observed for other invertebrates, we detected only a single V-ATPase B-subunit mRNA in 
A. franciscana embryos and nauplii.  Expression of this mRNA decreases as the embryo approaches the 
time of emergence from the cyst shell, and increases again during hatching.  This differential expression 
suggests active regulation during preemergence development.  Sequence analysis of the B-subunit cDNA 
demonstrates that this subunit shares the greatest degree of amino acid identity with the ‘non-specific’ B-
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subunit homologues of other species.  V-ATPase containing this isoform of the B-subunit are more 
broadly localized and noted to function in both the constitutive acidification of intracellular organelles 
and the energization of plasma membranes (Futai et al., 2000).  Thus, one might predict a broad 
functional repertoire and distribution within A. franciscana embryos as well.  Western blot data confirm 
an expression pattern consistent with this prediction. 
The V-ATPase is a multimeric complex composed of two primary domains: peripheral (V1) and 
membrane spanning (V0), and the only mechanism of downregulation of V-ATPase activity observed in a 
biological context involves the dissociation of the peripheral sector from the membrane spanning sector.  
Thus, the presence of constituent subunits of the V1 domain in isolated membranes suggests the presence 
of an active holoenzyme.  Importantly, Northern blotting of subcellular membrane fractions isolated from 
A. franciscana embryos demonstrates the presence of 4 V1 domain subunits and 2 V0 domain subunits in 
both heavy membranes and microsomal vesicles throughout preemergence development.  Because heavy 
membranes are comprised largely of endoplasmic reticulum and plasma membranes, and the V-ATPase is 
not active in endoplasmic reticulum, the presence of these 6 subunits in both heavy and vesicular 
membrane fractions suggests the presence of fully assembled V-ATPase in both intracellular vesicles and 
plasma membranes during early development.  As is discussed below, this may indicate a dual function 
(compartment acidification and plasma membrane energization) for the V-ATPase in these embryos. 
It is appropriate to note that, while the acidification of intracellular organelles is likely to be a 
primary role for the V-ATPase, this enzyme could also serve to energize the plasma membranes during 
early preemergence development in A. franciscana.  Interestingly, the Na/K-ATPase, which is almost 
ubiquitously employed for the energization of plasma membranes in animal cells, is conspicuously absent 
from encysted A. franciscana embryos.  Biochemical analyses of Na/K-ATPase activity show no 
measurable level whatsoever until hour 6 of aerobic development (Fisher et al., 1986a) and subsequent 
extremely low expression until the E2 Stage (Conte et al., 1977), which raised the question of how the 
plasma membrane is energized during early development.   It may be that the V-ATPase is the ion 
transport system that functions to energize embryonic membranes prior to expression of the Na/K-
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ATPase.  Certainly, during preemergence development, the V-ATPase could serve in both the 
energization of plasma membranes and the acidification of intracellular compartments.  However, proton 
chemical gradients across the membranes of acidic compartments are likely to be of primary importance 
to signaling anoxia, because membrane energization by the V-ATPase may not require a significant 
chemical gradient (Harvey and Wieczorek, 1997).  Future research into the exact distribution of active V-
ATPase is required to confirm a role in membrane energization in A. franciscana embryos. 
Of all the systems in which the V-ATPase has been extensively studied, yeast appear to most 
similar to A. franciscana embryos; the greatest similarities are an obvious lack of cellular specialization 
and a capacity for large scale metabolic downregulation.  The gastrula stage embryos of A. franciscana 
appear to be largely undifferentiated, and thus the V-ATPase is unlikely to perform specialized tasks such 
as energizing plasma membranes for nutrient uptake, as is observed in the midgut of M. sexta, or secreting 
protons to an extracellular lumen for pH regulation, as is observed in mammalian kidney (Harvey et al., 
1998).  Rather, the V-ATPase of A. franciscana embryos is expected to function primarily in the 
acidification of intracellular vesicles and organelles.  This role is similar to the case for yeast, in which the 
primary function is vacuolar acidification.  Yeast and Artemia embryos also share a profound capacity for 
the depression of cellular metabolism (Hand and Hardewig, 1996).  Depression of metabolic activity in 
yeast can be induced by the removal of glucose, and this is observed to cause the V-ATPase V1 domain to 
reversible dissociate from the membrane spanning V0 domain (Kane, 1995).  Interestingly, in vivo studies 
suggest that a transient decrease in cellular ATP with glucose deprivation may help to promote the 
reversible disassembly of the V-ATPase in yeast (Parra and Kane, 1998), and experimentation with 
isolated yeast vacuoles demonstrates that ADP  reversibly inhibits V-ATPase activity (Kettner et al., 
2003).   
Work on both insects and vertebrates confirm that V-ATPase activity is commonly regulated by 
changes in adenylate status.  Recent catalytic analysis of V-ATPase from insects demonstrates that even 
small reductions in the ATP:ADP ratio inactivate this proton pump (Huss and Wieczorek, 2003) while 
work on the vertebrate enzyme from clatherin coated vesicles demonstrates inhibition by ADP (Vasilyeva 
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and Forgac, 1998).  In addition, catalytic analysis of the V-ATPase from chicken kidney and osteoclast 
demonstrates that ADP can inhibit V-ATPase activity via competition with ATP (David and Baron, 
1994).  These authors also demonstrate noncompetative inhibition of V-ATPase activity by 
orthophosphate (Pi).  Taken together, these studies suggest that the products of a net hydrolysis of ATP 
(ADP and Pi) would lead to the inactivation of V-ATPase activity via reversible downregulation.  This 
form of reversible regulation fits well with the model of anoxia induced acidification in A. franciscana 
embryos, which involves a precipitous drop in adenylate status (Stocco et al., 1972).  During the first 24 h 
of exposure to anoxia, ATP levels decrease by 95% (Anchordoguy and Hand, 1994) in these embryos, 
with the majority of this decline occurring in the first few minutes.  As a result, ATP:ADP ratio decreases 
approximately 8 fold during the first 20 min of anoxia (Anchordoguy and Hand, 1994) while levels of Pi 
increases greatly (Rees et al., 1989).  Importantly, using bafilomycin-sensitive respiration, we estimate 
that up to 31% of aerobic ATP turnover in Artemia embryos results from V-ATPase acitivity.  In order to 
be in accordance with the large decrease in metabolic heat production observed in these embryos under 
anoxia, the activity of this enzyme must be downregulated.  Adenylate and Pi regulation in other systems 
suggests that downregulation of V-ATPase activity in anoxic Artemia embryos is likely to occur in much 
the same manner as is observed for yeast during glucose deprivation, namely via reversible dissociation of 
the V1 domain.  Future research into the mechanism of regulation of V-ATPase activity in the encysted 
embryos of A. franciscana will require the purification of an intact enzyme for catalytic analysis.  We 
predict that this enzyme will demonstrate reversible dissociation in response to a small decrease in 
ATP:ADP ratio or increase in Pi concentration. 
 All available evidence suggests that the encysted embryos of the brine shrimp, A. franciscana, are 
impermeable to all but low molecular weight gasses and water (Trotman, 1991).  This characteristic is 
important in that it effectively creates a closed system within which the embryo can remain during periods 
of dormancy without having to ionoregulate with respect to the environment.  The cyst shell responsible 
for conferring this impermeability can be broken down into two main sections: the tertiary envelope and 
the embryonic cuticle (Drinkwater and Clegg, 1991).  Together these layers present a physical barrier 
 89
which has been shown to prevent the passage of even volatile solvents such as DMSO (Price, 1967).  The 
tertiary envelope, or chorion, is a 6 – 10 nm thick proteinaceous layer that can be removed by incubation 
in a solution of NaOH and hypochlorite without affecting embryo viability.  This is primarily because the 
permeability barrier to solutes is retained at the outer surface of the remaining cuticular layer.  This 
barrier to ionic solutes remains intact until the process of emergence begins, and it is at this point when 
Na+ exchange with the surrounding media is first observed (Trotman, 1991).  Oddly, while it has been 
suggested that volatile solvents such as chloroform may penetrate the outer cuticular membrane (Trotman, 
1991), we were unable to find any studies which examined the ability of lipophilic compounds to pass the 
cuticular barrier during preemergence development.   
Our research demonstrates that removal of the proteinaceous chorion confers permeability to lipid 
soluble drugs.  This is demonstrated by incubation of embryos with the F-ATP synthase inhibitor, 
oligomycin, which produced a concentration dependent decrease in both oxygen consumption and 
hatching success.  This permeability to lipid-soluble compounds was used advantageously in this study to 
examine the role of proton concentration gradients in the intracellular acidification event induced by 
exposure of A. franciscana embryos to anoxia.  It is relevant to note, however, that a very large number of 
lipid-soluble compounds affecting highly specific cellular functions are commercially available and could 
provide opportunities to directly test potential signaling mechanisms involved in the induction of 
quiescence.  For example, the effects of cAMP signaling on entrance into and recovery from anoxia 
induced quiescence could be directly investigated with forskolin, which produces an increase in cellular 
cAMP levels by activating adenylyl cyclase (Laurenza et al., 1989).  Calcium signaling during quiescence 
induction and recovery could also be investigated directly, with the potent and selective calcium 
ionophore, ionomycin (Liu and Hermann, 1978) or the IP3 independent calcium releaser, thapsigargin 
(Takemura et al., 1989).  Our observation that the dechorionated embryo is permeable to lipid soluble 
compounds creates the possibility for in vivo examination of a multitude of cellular mechanisms, which 
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